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Preface 


The First Edition of "Eespiratory Enzymes” was a 
collection of seminar reports in a field which was com- 
paratively new to biochemists in this coizntry. Much of 
the material has long since become out of date in the 
light of newer knowledge which has been rapidly accumu- 
lated in this field* Yet the demand for a text covering 
this special aspect of enzymology seemed to Justify a 
revision. In the present edition the authors have been 
assigned subjects with which they are familiar by virtue 
of research experience. An attempt has been made to 
duplication of material in the various chapters 
but beyond this the content^ emphasis and style are 
those of the individual authors. 
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INTRODUCTION 


The subject of respiratory enzymes naturally deals with those enzymes catalyzing the 
chemical reactions which take place in respiration* It is well to deal first with respir- 
atory enzymes rather than cellular respiration because less is known of the differences in 
respiration between various types of cells or different parts of the same cell. A general 
knowledge of the respiratory enzymes is needed before the respiration processes in the 
various tissues can be studied successfully. 

Ve are all familiar with enzymes and the general properties of enzymes. One fact 
which should be kept in mind is that an enzyme cannot alter the ec^ui librium of a chemical 
reaction; it can only increase the rate at which the equilibrium is reached. Thus we must 

recognize the potential difference as a driving force in the reaction as well as activa- 
tion of the reactants by the enzyme. 


In order to limit our discussion^ it is necessary to specify what is meant by resplra 
tion. The broadest conception of respiration involves all chemical reactions in living 
cells which release energy. This would include fermentation and would carry a discussion 
of respiratory enzymes back to the time of Berzelius 1857, who first included fermentation 
under catalytic processes* However, it is better to limit our discussion to aerobic 
respiration and to leave anaerobic metabolism or fermentation to a separate chapter. In 
other words, the more generally accepted definition may be used: Eespiration is the ag- 
gregate of those processes by which oxygen is introduced into the system and carbon di- 
oxide is removed. 


also specify that respiratory enzymes deal only with the reactions within 

e ving cell. This eliminates the voluminous literature concerned with the interchange 

of respiratory gases. However, it is now known that an enzyme, cerhnrri,^ anhydr ase is 

concerned in g^eous exchange. We may use the term "d esmol yzi ng enz ymes" for those enzymes 

concerned in ferment^pn and respiratory enzymes for those involved in hiologicar'oHda- 
tion or in respiration. 

True respiration, therefore, is concerned with oxidation of metabolites and the re- 

lease of energy. The release of energy is of value in maintaining the temperature of the 

^intenance of body temperature is not important in all aerobic organisms. The 

th^ purposes may be the more important, and we should keep in mind that 

the complexity of the enzyme systems is probably very closely associated with the energy 

^elei^rof ^ different purposes. Living tissues are not dependent so much upon mere 
release of energy as on the controlled release of energy. 


IKjilWW (Ml 


G 

LavoillL’^iriSn^ of continuous oxypn supply for living matter was first described by 
^voi g^ er in I JIg. Of course the relation of the atmosphere to the life of an animal wao 

factfr^ln'^tb^^°^? Lavoisier. Many of the investigators held that the vital 

H relationship was the mechanical movement of the lungs. In 166? Hook demon- 

inf ^ fee kept alive without movement of this organ if 'aTFVeT^ blown 

into the lungs. Ma^ in 167^1 suggested that respiration and combustion werp, 

^^use both pocesses removed the same thing frSTthe air, but hT; wor^^s iLt S«ht of 

espiration and that when the organisms are too large for their cellq to otitni v 

in conjunction with the circiaatory system. We also recoanlzp fhnf f 

function of hemoglobin is that of carrying oxygen from H f?® i^ortant 
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rv:::-"!® contact with the air for Indefinite periods 

''It change, while in the tissues they are readily oxidized, 

^on.am a number of enzymes which are together responsible 

r® general name of oxidases. 

-^Csues nni t ( I896) . A number of respiratory enzymes 

^ studied separately. The efficiency of some of these 

- V . ^ 1 . S1 c . - , n r . Ill which will withstand boiling nitric acid 

=.v atmospheric oxyg.r. 1„ the presence of an a,jueous susp^aSn? a^e; 






the 
alon^ 

catalysts o 


'.t 10ns 


.snowii individual respiratory enzymes 
i<>hi s line. As early as i 860 worhers 
oxidation but it vas not until I900 


let us first consider the 
suggested that certain tls 
that these were thought of 


Beducer 


Catalyst 


Oxidizer 


4- 


ti-cate either^ the reducer, or the oxidizer. The early question was, 
r^auc-ng sysc-em or an oxidizing system? Today we know that both 
eno,* vnen one moleciile is reduced another is oxidized* 


is 




V C I* 


I _ -h iSS © 


p ^ ^ ^ -t 


-issues. 


rs were agreed that 0 ^ was activated in all the reactions. They all 
reagents for the detection of active oxygen because colored products 
or was obtained with oxygen but in the presence of activated oxygen the 
mxeiiately. .Most of the tests were made on plant materials rather than 




-'-“lasted interest in substances such as phosphorus, benzaldehyde, 

, mdergo spontaneous oxidation at low temperatures. This was 

ar.i «-a3 soon associated with coupled oxidation, l.e. oxidation of a 
— Or; tresenze or the first. For example, turpentine \mdergoes autoxl- 
-3 ra uner stable, out ii the two are put together both compounds are 



f! p 1 


aiudy of biolo 
vorl-c, as well 
le ‘ISrlO' in *’ 

on of phosphir 


1 oal oxidations started with Schonbein who worked between I850 
es the results of subsequent investigation is carefully re- 

ne oxidases and other oxygen- catalysts concerned in biological 
,'ered ozone in 18^0 and found that ozone was produced during 
3. He suggested three allotropic forms of oxygen: 


-leutra^ 


Ozone 9 


Ant ozone 9 


a.. on nna oxygen is split into: 9 which oxidizes the metabolite^ 9 which forms 
^ . jie tnoughn of ozone as anything which would oxidize guaiacum. He found 

oxidize guaiacum but that plants and animals contained something which 
g acout this oxidation. He said that the tissues changed the antozone to ozone 
3 active. loday we know of the substance which promotes oxidation in the pres- 
irogen peroxide as a peroxidase. We know that tissues also contain catalase 
mposes r.ydrogen peroxide into water and oxygen. Schonbein^ therefore, demon- 
e existence of a catalyst and suggested peroxide formation although he was not 
erc'Xldase and catalase as separate enzymes. He looked for the catalyst in blood 
thought the oxidation took place there. 

-Zeyier In l 878 suggested the following system for the rupture of the oxygen 


A32 * 0-0 - A ^ B2O ^ active 0 used for oxidizing other material. 

oiloiilng reaction was used as an example: 

PcL^ ♦ ^2 indigo ►Pd + ]^0 + oxidized indigo. 
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Bach showed that this reaction could he resolved into two stages: 

PdB^ + O2 >Pd + Pd removed, then Indigo + ^0^ ►oxidized indigo 

Ehrlich in 1885 thought there was a giant living molecule with side chains which 
stored oxygen as peroxides* During oxidation this molecule was disrupted by certain stimu- 
li* It is now well known that cells cannot store extra oxygen* 

Trauhe in I885 studied the autoxldation of zinc. 

OH-H 0 

Zn + +11 > Zn( oh) 2 

OH-H 0 


Two new points were established as a result of this work: 


1* The Importance of water in oxidation and reduction. 
2. The direct reduction of oxygen to hydrogen peroxide. 

Bach and Engler independently in I897 suggested the formatic 
which were able to oxidize other compounds. 


0 


0 


<1 
0 


\ 


0 


+ A' 


AO -t- A'O 


0 


This idea dominated the field for 20 years despite the fact that these workers had veiy 

formation of organic peroxides. The only peroxide isolated was 
that of henzaldehyde and this may have been formed from ^02 and benzaldehyde , 

1 in 1903 extended this theory. They worked mostly on vegetable materl 

snd their theory was quite generally adopted. They resolved the positive gualacum test 
given by plants into two parts* 


A + O2 


Oxygenase 


A 


/ 


0 


\ 


0 




0 


\ 


0 


A' 


Peroxidas 


e 


A’O + AO 


The peroxide then oxidized other compounds. Their conception of the mechanism of the oxi- 

oxygenase is capable of forming an organic peroxide in 
rrin' ^ Peroxldase Will then catalyze the decomposition of the peroxide formed ly the oxy- 
genase and the active oxygen is accepted by guaiacum. ^ 

4.V. (1911) pointed out that plants which show the direct oxidase teat 

tlon whill g^iacum without contain a substance giving the catechol reac- 

ahovei that , oatoohol solution Itself sutoxldltL In 

such compounds are present In oxidase plants and are ScomSnlenj^^a^sf tSI 

stra^^’wfr’^i s’? “’’f peroxidase plants . The anzym. »as seSSSd Jyo^L sub- 

strate with alcohol and was active when recombined with catechol. 

S:; ofo'?? (1925) su2es?S 

?rSacL £ polbly responsible S? tt,™lue?L 

guaiacum* ne allowed the oxygenase to work nn -n,™ « ^ .d, uoj.iig 

tosS°^ orthoqulnone blued gualacum apart frim any en^^ ^ 0 ^ 0 ^"^“ 1^6 

p^:tX“‘a“S S:fna^t:f?h“L:°r^rin“* ri? reSeaTL- 

aa veil as In solutions of catechol oxidized vlth^^gimse =»l-“‘lonn of catechol 
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W, 


,r\:^li 


<1 • *-i» o ^ *a 





'^r 




-> 


<ifccv 

^ <£ 3& 


'fe 

<«3W -Jl „-. 


1 


^ c> 






W V. 


'Tifc -rr*- «t 


<3%^ rS;. 


sS. !Sa ' 


:1 


15^ 

-^1 -SJ 


-*> >--^ .s^ W. ^ ^ ^ 


^Si-v 

'l^.- . '■ '-<^- 


A:=,^ 1*^ ®' 


t.;:r.'ugh the isolation of crystalline aniline derivatives con- 
ortnc^uinone from phenol, p-cresol and catechol by the action of 
^elated from mealworm, and termed by them, tyrosinase; also the forma 

'i'‘"v‘r'^“ action of peroxidase and ^Oo. In I928 Onslow and 

ec tliat the secondary oxidation of monophenol is due to the presence of 


^ aS ^ 






ne presence ^■?_%C2 in adiition to orthoquinone greatly complicates the picture. 

^ jas lODiuyea out that the direct guaiacum reaction cannot be used as an Indi- 


cne cartic 


^ fe, 4*-*, W _ . , 




m 


olai enzyme. All the following oxidation systems gave this reaction 
— d do occur together in many plant tissues. ^ 

peroxidase with an autoxldizable substance which produces peroxide in air. 

— roxldase with an aerobic dehydrogenase such as xanthine oxidase which produces 


A 


-HZ* ' 




rerox-dase with polyp-henol oxidase in the presence of a polyphenol. 

-^lyphenol oxidase with catechol or derivatives. Iliis g^vef rise to an ortho- 
.uinone which oxidizes guaiacum directly. 

‘•c^-=--^3e w_th tyrosine. Crthoquinone is produced. 


'**■ N«r 








wji.j.ua8B reaccion wipn guaiacum does not show the presence of 
-ar oxidizing enzyme or system although it does indicate that peroxidase 
or a polyphenolase may be present. This reaction will not distinguish betwee: 
f the''fech^od^t“t^^^^'^^ indicate the presence of a dual oxygenase-peroxidase system 


^ 

ZTr-sliiBse^ 


following subjects has given us much of the early information about 
respiratory enzymes; Dehydrogenases, Molecular Oxygen as a %drogen Acceptor, Peroxidase 
iinu Catalase. rfarrura'.a Enzymes’, Glutathione, Cytochrome, Indophenol Oxidase. 


f 


o 




anal Included in the following discussion was taken from a review by Dixon 


(-^9) and the papers on cytochrome by Keilin (1925-30)- 


DEHYDROGENASES 


tne msDst important subjects of investigation In the field of respiratory en- 
^een the si-udy o± the dehydrogenases- Dehydrogenases are enzymes which activate 
>uLfe 0^ the metabolit-es- The reducing power of tissues was first noticed by his- 
^^Lj^gis>wSp iunrllch In I885 injected methylene blue into tissues of animals and found some 

“ liefe reduced metkylene blue while others did not- Of course this result is dependent 
the 'fiance between the ovidatinn end t.hf^ -r^Hnn-f-i* -f-oiM -r^rv -?« 4 .t«^ 4.-? -.4. 


'C. 0± Q 


-.*•■■ 'A. : 


f' 3 - 


V « 



cance of reducing syatems was first realized in 1914 . Before this 
d found an enzyme in milk which would reduce methylene blue in the 
an sJ-dehyde. Bach tried to explain the action of this enzyme by his peroxide 
aa unsuccessful. The next important step was the work of Wieland ( 1922 ). He. 
znat oxidation could go on in the absence of oxygen and that the great majority 
- cx-iat-ons were dehydrogenations. In those cases where there was a gain in oxygen, 
"leiand eHamed a preliminary hydrate formation. Thus in the case of aldehydes the follow 


preaer.c 

erv 


react-l:c- 



mm 


E 


H 


-C=C 


J^O 


C-OH 


-C-OH + B 


♦”C =0 


OH 


OH 


OH 


In proof of this reaction Wieland quoted the fact that chloral dissolved In benzene cannot 
reduce silver oxide, whereas chloral hydrate in benzene was able to do so# 
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^ the use of palladium hlack Wi eland was ahle to resolve the oxidation- reduction re- 
action into two successive stages. 

+ Pd > A + Pd^ 


PdHg B ► Pd + 


On adding palladium hlack to an aldehyde solution the aldehyde hecame oxidized to the acid 

while the palladium hecame charged with hydrogen. The palladium was oxidized with atmo- 
spheric oxygen or methylene blue. 


The application of this view to oxidations in animal tissues was greatly advanced hy 
the work of Thunherg. He demonstrated, hy means of the methylene blue technique, that ani- 
mal tissues contain respiratory enzymes capable of activating a number of organic sub- 
stances. Met^lene blue is an active reducible dye which can be used conveniently as the 
oxidizer in biological systems. The rate at which the blue color disappears is an indica- 
tion of the rate at which the oxidation takes place. Since the colorless MbBb is readily 

reoxidlzed to methylene blue by atmospheric oxygen the reactions must be studied in special 
vessels which can be evacuated (Thunberg tubes). 


Thunherg added methylene blue to suspensions of minced animal tissues in neutral buf- 
er solutions and determined the effect of adding various organic substances on the reduc- 
on ti^. Fresh animal tissues rapidly reduced methylene blue without the addition of 
any oxldlzable substance, since they contained many substances activated by the dehydro- 
geMses. Thunberg found, however, that by a preliminary extraction of the tissue with 
water, these substances could be removed; the tissue then lost the power of reducing the 
dye. Most of the dehydrogenases were left Intact in the tissue and the reducing power 
could be restored by adding substances capable of being activated by them. 

VI ^ such means Thunberg demonstrated the presenco in frog muscle of dehydrogenases cap 
able of bringing about the oxidation of the following: 


Lactic acid 


Oxy butyric acids 
Succinic acid 
Malic acid 
Citric acid 


Tartaric acid 


Glutami 


C^CHOHCOOH 

- a - and p -C^C^CHOHCOOH, CHjCHOHC^COOH 

COOH( CH2 )2C00H, but not glutaric acid - COOH( 0^)5000! 
COOE C^CHOH COOH 

COOH . COaCOOH. CH2 COOH 
COOH CHOH CHOH COOH 

COOH C^.C:^.CH K^.COOH; not other amino acids 


Glycerophosphoric acid but not glucose 


Dehydrogemses have since beSn found to be veiy widely distributed 
tissues, but also in plant tissues, yeast cells, bacteria, etc. ' 


not only in all animal 


Thunberg* 8 work on frog muscle was repeated by Linschitz In lopi na-tr^rf yr, a 4 . -u 

an oxldlaor Inataad of ^thylana bin,. E, ob?aln^d axaotjj^ ““ ““ 



m- dl nitrobenzene 


m-nitrophenyl 
hydroxy lamlne 
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* - de}\\ dpo^e.nases 
r^irle for the oxldstl.^n of 

— • ^ c - 


received attention in the early studies; namely, those 

uccinic “--'3 ' - - - ' '^9 


re- 


acid, purine bases and aldehydes, lactic acid, and 


MOLECULAR OXYGEN AS A HYDROGEN ACCEPTOR 


- I- - 

w A ^ 


ized is 


w 


axcr. 




o: 


eii^ 


question of whether activation of the substance to be 

is'^alqo^n^-^^ oxMation by molecular oxygen, or whether an 

necessary. The evidence suggests that oxygen can act 

I mrnm. K ^ -F _ ■ ^ * * 


Kw 




in some of the systems but in others it cannot. Of course In tv,« 

active hydrogan can ba taken up directly by molecular oxy- 

an •aa;^r:i;-c“:a”fo- crSrdf *>y »»laoula 7 

- *• - yanide which is known to inhibit oxygen-activating systems. 


Vber: ve turn 




-4. 




i^enase i 




erldence 
is sjate 


-ivi same condl- 

ici-n‘ -o' r^nhS xanthines and of aldehydes activation by the dehydro- 

t n ^ oxidizable by molecular oxygen, and there is 

- srai^--^n ^-activating catalyst or carrier is concerned 

Jr'' Cl cyanide has no effect and the oxygen appears to be equiva 
e-nrlene clue as a hydrogen acceptor. ^Huiva 


ine a 


■j — 
^ « 


^WlSw ^ •i-. W.I 


ner cases this 
ted nclecules. 

. lEoiecular 


doea not 
which are 
n. The 


Q-PPly, the lactic and citric dehydrogenases. Hare 

^oxidized by methylene blue, are quite unable to 
Tor this important difference was unknown for som 


J. 



reason 


- 3-i3De----'^o- d^ydjogenase is particularly interesting. As mentioned be- 

du--- i*th7iene'>^uf plus succinate rapidly absorbs oxygen and re- 

--U. _ucylene .-a_. The addition Oi a very small amount of cyanide, however, comnletelv 


r-- -ven-de ^t leaves the reduction of nxue unarrec^ea. 

^ preventi^ the activation of the succinate for then it would 
^ reduction. Therefore, oxygen must be unable to react with acti- 

■ -;® 5 _ !? ®^“^® “^Ifcules and the cyanide acts by inactivating either some carrier or 
-a^a^^su partic^arv concerned with oxygen in the solution. The nature of this other ays- 

^ and we will discuss his work in detail later. Dixon and 

-“I f'’ tha.. the oxidation of hypoxanthlne in liver was completely \maffected by the 

adi-tioa Oi cyanide which, in the same sample of tissue, completely prevented the oxygen 
ap^aice due to succinate. ® 

^ the failiire of the lactic dehydrogenase system^ and similar systems 

Fsac oxy bzsnt-GyorgT^i proposod tti© tliooi^ ttiat activs liydrog©n reacts only 

wl-c a active oxygen. Ihis view is not wholly accepted because it ignores those systems 
h do not req^iilre active ojtygen. 

3 t:e iahydrogenases may he divided Into two classes. Aerobic dehydrogenases, such as 

which can use molecular oxygen directly and anaerobic dehydro- 
dehydrogenase, which can utilize oxygen only by the cooperation of 


"V -f ^V- 


4 ^ 


LA r.e 
genasee, 
soma 



-» 

It? 


such as lactic 
r 




DEHYDROGENASE-PEROXIDASE SYSTEMS 


Idn^iow 11925) showed the relation between the products formed by dehydrogenases and 
the peToxddaBes in the cells. We have already seen that one class of dehydrogenases can 
uti 11 z© oxygen aa a hydrogen acceptor and from other facts presented it would he expected 
that l^drogan peroxide would be formed in the process. Thurlow, working on the xanthine 
and aMelQrde dehydrogenase systems, actually foimd that considerable quantities of :E^02 
were produced and could be detected by a variety of chemical tests. 


( e) X.O.^^ + 0^ = ( ^) xo ■*" 
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iypowr.Milr:^ or xanthlriia added to a audpenalon of xantJilna de 
^tn air, p«roxll<3 co»-dd v^rj aoon c^a datactad In tiia aoiutlon and, 
1^1, Kzjts aao*ir.t of paroxlia praoant raplll/ Incraaaed. After aome 
i tat then ths asjL/^xnt of doOn jgraduall/ lacreaaed due to Its re- 



aeecrdfr^ to «ct‘a isfltdtion of a.% 

Ir^ Into a peroxlla, it ✓lii te i^en that such 

le an ox/#f-ynaoe. Thariow that thle the 

• o. at Ion eontadrdi4< xanthlce ion/ jLrQi-r«r.ase pii>:ia 

e produced • 


peroxidase a deep tiye color ^as et 



es a. djaten capable of convert 
a ieh 7 iro^snase piua Ita substrate 
On adiifox ^ualacum to an aerat* 
line plus (anlmai or ve*/etAbl«l 


Tfc^lov f'.r tte djat«a I' pr«»ferabi® to udo oltrlt® In tiio 

4 ^*^ .r. tic pr«d«oc« of anisft. teroxiinana h/iro^en poroxll* readily oxl- 

*l2e4 oJtrtta to nJtrat® ar^l tn« »arj.^it of nltrlt* reaalnlrj^ unoildizod could b« determined 

«ol erlmet n cea/ . Ttiriev 4ded peroilladee prepared from ll 7 er or milk. The foilovln*? 
teeie .^vee the tjpljal results: 




4 


Contente 


HI trl te unoxldlzed 


Xantnlne ♦ xanthine 

XanthliMj • peroxidase 
Ian thine deh/ IroK^erase ♦ peroxldaae 
Xanthine lergrlro^enaae ♦ xanthine ♦ 




peroxldaae 


IT‘^ ‘‘ conatltuente were preaent end 

here .n® nitrl.e rapti^jf axd coas^ete../ oxidized. 


a 

t 


for 


i-jyoriSfl to* tonflrmed tKeee redata elrerAilne, which became oxidized to 

-I **‘^'^;*®‘* of nitrite. Harrison and Thuriov showed that the complete ays- 

trough t about ^ oxidation of soee of the ether aolubie aubatance In milk. Ttoae 

wpial ^/atea* beeauje oo_y one 3SDlecul.e of nitrite can be oxidized 
BDlecule of xArxtklf^## ^ 


PCROXIOAhC AND CATALASE 


Penoxl 

the earlj 
f lCJattoci of V 


first resG^tnixel aa specific « 
'i^s lox^ on the ve^etab^e peroxldasee. 
otahle peroxidases le classical. 


b/ Llnoeeler In i^>8. Much of 
of i^llXotatter on the pujrl 


relation of Iron to peroxldaae. The reaulta 
souzx^ Jorea.^Uah peroxllaae *U4«eeted that It wa* not an Iron com 

related to fceiattn. The rsUtloo -’ree Iron i. 4 «r - organic Iron compounda 

atowe« ♦he a ♦iwrir -4 ^ - Interesting. Fenton In 16^4 firat 

oa»rwfa^ •CO a. *XTatir~</ ■a-tlon of far roos Iron on tv kin ir» i(ry>o u ^ •. 

xihA #mvi . * 4 . mxin in iy22 shoved that asLar of 

e« t, .w, e ifeOs plu.T{n.« 

ttarrlson mtA 





X 3jmt 




sroiirt d o-s ® vhl 


...• 1 U!=.U— th», ,^V2 'll: “**='• 

sa* ve. . . 4«7 i^s^jAiMse Oft/ act OH suDetancss vhlch 

^ o^dl-ed interestlcg that with the iron the 

. 0x14^ *.6d to pjruvlc arid to acetaldehyia. 


cthe 


r 


• 3 ;e aijt ‘%r:\o4 

tie ecll 


Th !9 Is 

aorqaXij' 

s^llj 



dases 


S t '.edi t ^ 1 3 . 1 

tho peroxldaae 
oxiltsed ajDd the res*M^t la that 
Idlzed by thea In rtTo. 


so have 


itlrei/ bj t 
ts are aerely 
’^ary little 


of peroxldaae ree^nta. 
lubetltutee for the subatancea 
^4<jwl*dge as to tiio subatancea 


CS: 


V — 


-6r» 


W V 


discovered by Loew 
systems and it is 
it to water 


^ w mm. m 


In 1901. hydrogen peroxide Is extremely toxic to moat 
the function of catalase to keep the concentration of 
and oxygen. The recent work on catalase will he dis- 
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® respiration which has assumed consider- 

enzymes. Warhurg-S theory is, in brief, that 
■" Voi; ; L t; ° living cell is a process which 

According to the theory the catalyst of respiration is iron.!T. 

molecular oxygen and iron, aAd 
- ‘ the cell by this reaction, and not with the organic 

-wS. see itarDurg ^ 1928 ) Dixon {I 928 ), and Anson and Mirsky (1950). 

ter 

•» 4 - — 1 





. .V ^ 




possibility of molecular oxygen acting as a direct 
-wX tne .^.drogen in accordance with the Wieland view. The two theories are 

''arcurg pointed out, in respect to the manner in which mole- 

* activation of the hydrogen as the important event 

_ onsldered .he activation of the oxygen by the iron as the essential process! 

the Warburg view, the uptake of oxygen by the cell is to be regarded not 
''^^® separate uptakes of a number of distinct oxidase systems, but as a 

l-^r. !f^_^® °“® catalytic mechanism. He says unity in the cells and mul- 

A ^ eitrac.s are not contradictory, because the various oxidases which have 
-e_.. ...o^at-ed are itoreJy odd bits derived from the main enzyme. 

^ Hi th regard to the nature of the catalytic iron, Warburg stated that the free ions 
arejnacWve and that the active iron is present in the form of a definite complex com- 
pou^. This catalytic compound, whose action la responsible for respiration as a whole 
«arbu^ calls the respiratory enzyme" (das Atmungsferment) ; and as a result of later work 
he bellovoe it to be a compound related to the hematin aeries of ni^Tment-.a. 


According to Warburg's first theory, organic molecule 
^ ^H.^ch could in turn be oxidized by atmospheric oxygen 

carrier of oxygen. This process is often 
it can be not Mug but Iron catalysis. 


but 


reduced the oxidized form of 
The iron acted merely as an 
to as oxygen activation 



enzyme 


X!Fe '** 0^ = XFeO^ 


molecude 


This 

vqja 


XFeOg + 2A = XFe + 2A0 

vhlch involves an actual oxygen activation resembles the theory of Bach in many 


A brief sunnary wlH be given of the evidence upon which Warburg *e theoiy is baaed. 

±n 1921 he studied the Inhibitory effect of a large number of narcotic substances on the 
velocity of cell rospiratlon. Among other substances alcohols, ketones, urethanes, amides, 
substituted ureas, etc. were used. As the result of a large number of measurements he came 
to the conclusion that the Inhibitory power of these substances was due to their adsorption 
on the active stirfaces where respiration takes place. One or two substances, however, 
exerted inhibitory powers out of all proportion to their adsorption. HCN and !^S were such 
substemcas. BCN In a concentration of 10, 000 has definite Inhibitory effects on most 
cells and this effect Is about 10,000 times what would be predicted from its adsorption. 

'Hie substances which acted thus were known to inhibit most reactions catalyzed by Iron. 
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VI Warburg studied the behavior of a "cell model". He found that a suspension of 

blood cMrcoal (charcoal made by heating blood) in water was capable of oxidizing, by 
means o mo ©cular oxygen^ many substances especially oxalic acid and c©rtaJ.n amino acids# 

he action of narcotics and cyanide was found to be closely similar to their action on the 
cell • 


naturally contained a certain amount of iron and Warburg believed that 
he catalytic power of the charcoal was due to the presence of iron. He confirmed this 

iron-free charcoal by heating a mixture of pure cane sugar and silicate. 

tbfi q^te inactive. If iron salts were added to the mixture before heating 

ir\cT chfl-rrnni ^ inactive, but if iron and a nitrogen compound were added the result- 

c^l surfacL^'^LrS fh 7‘ concluded that the activity was not due to the char- 

v° iron-nitrogen-carbon complexes in that surface and that HCN acted 

cLdltloS^wir^e^Lrr “"fi r active centers. He believed that the same 

V ^ Tv ^ because he found that a small amount of cyanide completely 

abolished the respiration of sea urchin eggs, yeast cells and bird's red blood coiruscles. 

for. monoxide also inhibited cell respiration and his evidence 

tMn^Aff i of the respiratory enzyme" with hematln arises chiefly from work on 

i^^o^ T! Tl monoxide formed addition compounds with many 

V -p ds related to hematln and that these compounds were dissociated by light War- 

of thrco coino^d Ir f “f determine the spectrum 

of rllff^ron^^ ^ ^ H respiratory enzyme . By determining th.e effectiveness of light 

ent wave lengths in restoring the respiration inhibited by CO he was able to ob- 

a n a curve showing how the effectiveness varied with the wave length! The natural as 

s^ptlon ^s that light must have, been absorbed by the CO-resplrat^ enzyme ^ Tt lsre to 

e ve n Issoclatlng it, and in that case the curve must represent the actual ab- 

oxidations are catalyzed By this iron compound. He 
d such oxidations as that of reduced methylene blue are true autoxldatlons but 
^wo substances are autoxidizable. In support of this denial he cited 

®i^toxiiations which he had shown to be due to iron catalysis. One 
the oxidation of fructose in phosphate solutions which was shown by Meyerhof 

accleratea V th. addition of traooa of Iron or JopJor S a^n^" SlSSdT 

T,*"’ °f '.°f Pf PPPPtdPOOn »Moh oont^nod SranlphS^i^on; 

SSfodLS^nr^f r”"' i;*ort.nea had W ascrll^d to"lt in conna:“o“S^\?'.*“ 

upoA tS adSuL of tr^! preparations ^ cysteine were not autoxidizable but becan^ so 
H^rriso: ^hf Xnfd'siSaf r::2t:: ®^®-i-nt3 were repeated on glutathione by 

At this point let ns consider some of* the icain crifi ama v ^ 

tioff theoiy. Warburg's claim that his enzyme accounted for tfarwholfresplra- 

tion of animal tissues cannot be allowed because Dixon and Elliott have shown thnf • 

tissues are inhibited only to an extent of It-O to 60 per cent by HCN It in fb ^ 

clear that this enzyme can only account for 6o per cent ofbb ! >.: !; f i®, therefore, 

bf dehydrogenase and is not InhSiSd by f 

oxidation brought about in the presence of this enzyme cannot be due to ll iJon cSalysls. 

With regard to the spectrum of the CO compound of th© *'renni ■m-i-rk-rTr »» 4 a. 

doubtful whether Warburg's interpretation can be accepted. Kellln nol^tefl f®®“® 

photo- chemical reactions the presence of a colored substance the nr> nnii a ^ 

and ^ necessary. The function of this substance was simply 'tfabLrnifSJ^t 

and make the energy available for the reaction. Now in such sv^bfina ib 

effective light corresponded simply with the absorption spectrum n-p bb that the 

was possible that in the dlssoc^Son of the So SSSd of tW'f nf It 

ordinary hematln compounds of the cell act as s«nnib.i,^n» enzyme the 
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tneir spectrum and not that of the enzyme. A number of reasons for believln« that th« 
enzyme was not a hematin compound will be given later. oexieving that the 

Finally it must not be forgotten that cyanide poisons many systems besides ths 
respiratory enzyme", for instance peroxidases, -polyphenol oxidase a^rrSte^o^?^ 
uatalase the glutathione system, etc. It does not follow that the sole effect 
cyanide inhibition is due to its action on Warburg's enzyme 

points of criticism leave the main point, the existence and importance of fha 

to . catal,v,t vMch tatavaa ll,e an Iron compound and in:iSdVBCrcT‘'11°",ic 
of tL*raspLation oontrltuta a By no means negligible p^rt 


GLUTATHIONE 

Before continuing the discussion on the relation of oxidases to Wa-rim-rcr' a -hv, i i. 

Tn Slutathlone to the mechanism of respiration, S Ray SSlile 

ThW • there was some material in cells which reduced sulphur. He called It 

found that^n-r found that tissues gave the nitroprusside test. Arnold 

the dehydrogenases. Meyerhof in I 9 IT claimed that the SH compounds we^f cZ^ted ^t^ 
tissue repiration. Glutathione was isolated by Sbpkins ( 1921 ) who showed that it was 
rery ^dely distributed in living cells. He thJn believed it io be fdIpepwS cL^!inln« 

^ ® f follo^.±ns formula for glutathione was worLd out by ^ 

Quastel, Stewart and Tunnicliffe (1Q2^). ^ 


GB 2 - SH 

CH - NH - CO 

I 

cooH c:^ 

CE2 

CH 

COOH 


Tiinnlcliff© and Stewart ( I 925 ) attempted to prove this formula through synthesis but more 
recent work demonstrated glutathione to be a tripeptlde with the following formula- 


COOH 


% N C H C0#NH CH CO-HH CBq COOH; glutan^l cysteinyl glycine# 


the sulphur group alone which is of importance in connection with tissue oxlda- 
tlons, its formula may be abbreviated to GSH# 

It readily undergoes oxidation to a disulphide form thus: 

2GSH + B = C-S.S.G# + 

Interest In this material arose mainly fromt the fact that cells contain systems both which 
vigorously reduce oxidized glutathione and which rapidly oxidize reduced glutathione by 

means of molecular oxygen* For some time glutathione was the only autoxidizable material 
which had been extracted from animal tissues. 

Although reduced glutathione is rapidly oxidized in the tissues, glutathione exists 
in the reduced form. This is because GSSG is continually being reduced; if GSSG is added 
to tissues it is reduced. One naturally thinks of the dehydrogenase systems as responsible 
for this reduction. This, however, is incorrect since none of the known dehydrogenase sys- 
tems is capable of reducing glutathione in the slightest degree (Hopkins and Dixon, 1922) 

( glucose dehydrogenase is an exception) • It seems that enzyme systems are not involved In 
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for the reaction is unaffected ty heating the tissue to the boiling point, 
ashed heated to the boiling point and extracted with alcohol was still able to re- 

IP ^ Vigorously and was called a "thermostable preparation". An aque- 

little dlsulnhlrtl ® ^as unable to absorb oxygen but on the addition of a 

the glutathione an oxygen uptake was established at once. It was shown that 

■PTOtein^tmcturr^wMch'’ ^PP^^^^tly forming part of the 

nhJL th These groups became oxidized by reducing the added disul- 

phide and the reduced glutathione formed then reacted with the oxygen. 

it is^slSa^^to this is not strictly true because 

tlales of cftSvtic^n? 7? that the apparent autoxidation was in fact due to small 
!7l7tel^ I ^ copper-) present as impurities. They showed that ab- 

fldHU-inn nf • Cysteine solutions absorbed oxygen only at a negligible rate, that the 

addition of iron or copper enormously accelerated its oxidation and that its oxy«en uptake 

7o7fSSraM e^tended^to inactivated the metals. These obserJftlona were 

onn med and extended to glutathione by Harrison (1924). The iron probably unites with 

that^C^wSl ^iT^ alternately oxidized and reduced. Cremer has shown 

case Ihl «ss, "" gl'^tathione as far as its biological action is concerned, 'as in Ly 
case the tissues contain the iron necessary to make the glutathione autoxidlzable. 

rtiaiiinhi*^ studying the "thermostable system" further it was found that the amount of the 

oi^Sf taker^ equivalent to the fixed SH groups present, but the amount of 

of^iL ^ system was much larger and amounted to several times the equivalent 

by the system for oxidation of the proteins present. The mechanism of ?his protean oxiS- 

^ ®®^' appears to be linked in some way with the oxidation of the 

glutathione, and is thus dependent ultimately upon the fixed SH groups 
8lut»tMone In th, rnlucnd fom. Instead of usl^ the tlseue p^fSa- 
tion other proteins containing SH groups may be used; denatured egg albumin whl ch contains 
SH groups may be oxidized with glutathione but natural egg albumin la not. 

^^® ''®*iuced form of glutathione will catalyze the autoxi- 
oftSe1.?S^:rJfs«U — acid solution. The mechanism 

. All Of tM a work was done when glutathione was considered to be a di peptide of cys- 
teine and glutamic acid. Hunter and Eagles (192?) threw some doubt on this structure and 

serine might also be a constituent of the molecule. Johnson and Voegtlin 

kina ( 1929 ) to rslnyaatlgats hla aarl, work and h. succeeded In finding” meSod for S 
qt«S glutathione in the pure crystalline state. He then found that the sub- 

aM Mason (1^9) have confirmed this uork. The old preparation was undoubtSv ImpSS ^4 
■F- amount of the tripeptlde but probably contained free cysteine in addi- 

^®'^® ^®I'®®^®'i of the early work using the new ciystalllne 

glutathione instead of the old Impure material. Some of their results are very interest- 




T-ii, ^°Tutiona of the ciystalllne material absorb oxygen at a slow rate. This rate u 

like that of cysteine or the impure material, cannot be accelerated by the addition' of 
1 ron « 

They suggest that the autoxidation of glutathione depended upon the cooperation of 
two factors, namely, iron or copper and some substance able to form catalyticallv activA 
compleras with th, mstuls. With u cirstullln, glututhlcn, th, rat, of oSa?Sn w^f 
limited by the amount of the second factor present and not by the iron. 

.,'^® material, unlike the old preparations, produced no oxygen uctake wh. 

added to thermostable tissue preparations. When the disulphide form was Sfed irScame 
reduced by the tissue but no oxygen uptake resulted. When the sulphydiyl form was adiiAS 
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The solutions were reactivated by the addition of a small amount of the old materl«i 
It v-as probable that the tissue inactivated the glutathione by removing the imcurltv 
tormed active complexes with metals. Free iron and copper were inactive in the oxidation^ 
1 ^ and the glutathione was unable to form active complexes with them It fnl 

oZptr Slutathlons not autoxldltnblo evon In tho proaanoe of ijon o^' 

A mixture of a crystalline glutathione and free cysteine behavA-i ir, 
the earlier glutathione preparatl one . ttloglycolllc acid ua^ aSn^lm Sour^eTld^ 

iuporS^cf oSftL'suTLrn^t 

systems, and by cyanide, which prevent tL ac^lvitj ^ tS! indoSaml SidaL wlth^? 

sS^; tS? fJ'T ^ Jy glutathione in the life of the cell is still objure! ft ls Za- 

Leitl ^ ® connected with protein metabolism as has been suggested by Waldschmidt- 


CYTOCH 



tba n I to one of the most fascinating stories in the history of biochemistiy - 

hrome rather thhiT^scovery, b^ause MacMunn in 1886 had demonstrated that a pigment with 

v^ch he called inyohematin, was present in certain cells especial 
metabolism. He realized that this pigment was related to 
emochromogen, but was ^ble to explain the exact relation or to account for the fact that 
tiiis compound liad four bands while hemochromogen had only two# 

V pigmenLsffls not expande d until jfellln started his painstaking 

work in 1925. He introduced the term .cytochrome and demonstrated by means of spectroscopic 
observations that it existed in most living cells. The spectrum of cytochrome is for in- 
stance, very intense and easy to observe in the extremely active wings of bfi^s which can 
contract a eveig l^undred times a seco^. It is also easily detected in striated muscles 
of mammals and birds and in baker*s yeast. iCaiJJjx has demonstrated its preaencQ 1n filniQp t 
100 different materials including many of the lower animals such as the Molluscs and Crus- 
tacea, in 40 species of insects, in various tissues of higher animals i 
as yeast, and in plants. ^ 


Cytochrome can be oxidized and reduced under suitable condlti'cJnB. In the reduced con- 
dition it shows a characteristic absorptio n spec trum with ,four bands^ l^he positions of which 
in all organisms are approximately the same: 0619, 5bb5, 5502, and 5210 A.’ In the oxi- 
dized form there are no clear absorption bands but only faint shading at 520-540 and at 
55O-57O. Cytochrome is not a single four banded pigment but a mixture of three different 
hemochromogens • Three of the bands are the ol bands of the three hemochromogens, the fourth 
band Is the result of the fxxsion of the p bands of the three hemochromogens. Kellin’s rea- 
sons for believing that It is not a single substance are these: The relative intensities 
of the bands vary from the cytochrome of one tissue to that of another. When it is oxi- 
dized and reduced, the four bands do not disappear and reappear simultaneously. Extraction 
will remove one of the components before the others. 


The precise nature of the Iron-porphyrln nuclei of the three components of cytochrome 
has not been definitely decided upon, but some evidence has been obtained which suggests 
that there ard two different hematlns In cytochrome, one similar to that present in hemo- 
globin and the other similar to the hematin of chlorocruorin. This result was obtained by 
extracting yeast with pyridine to remove the xmknown nitrogenous substances. Two different 
pyridine hemochromogens were thus obtained, one like that derived from hemoglobin and the 
other aimilar to that derived from chlorocruortn. Fischer has obtained coproporphyrtn and 
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the two hemocSSijOTs^tLt^mke u^^the cll? probably derived from 

trum Similar to thIJ ofcviochromr ® ^ 

modification of the porphyrin bv oxidatl procedure to consist partly in the 
of the pigment. ^ oxidation and reduction, and partly in the precipitation 


ment ;i;;id e^^hl te^?" F^eiample llTlTu distribution of this pig 

treated them Ulh a reducfr sJ^h L sS^n. 

p^:s:°::r f^s^dr ^1^^^^ rL^Lir- 

“Lr atfr :! E£f~ 

tional derivative because it is the onlv hematin n ds an excep- 

ing a loose combination with oxygen. ^ ^®“^^dn compound which has the property of torm- 

mentioned that cytochrome can be oxidized and reduced under suitable con- 
ditions. UMer natural conditions in the living cells cytochrome is InThrox^dlSd o^^n 

living organism denotes only the state of equilibrium between the rate of ufSdatJon 
and reduction at that particular time. If yeast is well aerated, 'its cytochromf ifoxl- 

the case of l^Lts atmosphere of nitrogen, its cytochrome is reduced. In 

the insect is quiescent, the cytochrome is again reduced. P^^tlally oxidized, when 

When a drop of a weak solution of KCN is added to a suspension of veast the cvtn- 
chrome remlns completely reduced no matter how actively this suspensloJ is shSen S?h 

tSf^N/irSooTN ^°n the characteristic bands of reduced cytochrome. A concentra- 

oxidation of cytochrome. Furthermore, if a drop of KCN 

f ^ ^ temperature, and previously oxidized by a 

Cerent of air, the cytochrome becomes immediately reduced. Just as if the cyanide were 

reducing agent. Actually, KCN does not act as a reducer but inhibits 
the cytochrome without affecting the reactions causing the reduction of 


vATn. formaldehyde, ethyl alcohol, acetone, and urethane act in a 

^ different way. All these substances, even in concentrations which kill the yeast 

i^iblt the oxidation of cytochrome. On the contrary, they completely stop 

is tSterS^fh^ cytochrome and it remains oxidized indefinitely. If a suspension of yeLt 

treatS ^ cytochrome is oxidized and then 

created with KCN, the cytochrome does not become reduced. • It remains oxidized because the 

reducing action of the cells is inhibited. These facts clearly indicate that there are 
two mechanisms in the cells where cytochrome functions in their metabolism, one which has 
to do with the oxidation of cytochrome, and a second which controls the reduction of this 
plgTOnt. Cytochrome must, therefore, act as an intermediate carrier between the catalytic 
systems wMch reduce it and those which oxidize it, and its degree of oxidation at any in- 
stant will depend simply on the relative velocities with which the two reactions take 
pUce. Any factor which diminishes the activity of the reducing systems will send the 

c^ochrome over to the oxidized state, while factors which inhibit the oxldlzina evstema 
will cause It to teconie more reduced* 


Keilin' 8 later work (1929) was concerned with the properties and identification of 

these two systems and incidentally with the correlation of the systems we have dlecussed 

previously. He found that the systems responsible for the reduction of cytochrome in the 

tissues to be the dehydrogenases as we would expect from what has already been said. On 

the other hand, the catalyst responsible for the oxidation by atmospheric oxyaen nrovad 

be identical with the Indophenol oxidase which is so widely distributed In An?n.o i tlseues 

and yeast. In general, then, all factors which inhibit the indophenol oxidase inhibit th« 
oxidation of cytochrome. 
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-•^^ydrogen^es are inhibited by narcotics but not by cyanide and these facts fit into 
rea.t^ons already observed. Further, by washing the tissues with water the dehydro- 

their substrates are removed and washing prevents the 
ex x.yto^hrome. The activity of the dehydrogenases may be restored by addlna 

donators and these also restore to washed tissue their power to reduce 
X. wOocrcEe. This W be easily demonstrated by using a sample of heart muscle which has 
xe^x. la^xiced and washed; there 13 no tendency for the cytochrome in this tissue to become 
reduced, nowever if a small amount of succinate is added the cytochrome becomes reduced 
-n axout !:> seconds due to the activity of the succinic acid dehydrogenase. This reduc- 

in op^sition to the oxidizing action of the indophenol oxidase, and if this is 
a^rishea^c.v the addition of a little cyanide before the succinate is added, the reduction 

tx ^ la i^tantaneous. It is clear then that in the absence of cyanide a con- 

^xnuo^ reduCv.ion of the cytochrome by the dehydrogenase and oxidation by the oxidase must 
^e goi^ on reacting in a continuous uptake of oxygen and oxidation of the succinate, 
^eil^n s «orA, oterefore, provides the explanation for the effect of cyanide on the suc- 

system which was previously somewhat puzzling. We can conclude then 
hat^the^saccinic dehydrogenase, like the lactic and citric dehydrogenases, is unable to 
reacu^wion ^lecular oxygen and that the oxygen must come from the cytochrome. The latter 
.s acu.vated oy indophenol oxidase and therefore the entire reaction may be inhibited by 

c V ft 1 n Q , 


INDOPHENOL OXIDASE 

^ Keilin (I 929 ) indicates that indophenol oxidise is one of the most Impor- 
tant, oxidases. It was necessary for him to demonstrate the actual presence of this enzyme 
in yeast which he had used in most of his studies. 


In 1885 Ehrlich had shown that intravenous injection of a-naphthol and paraphenylene- 
alamine resulted in the formation of indophenol. Fohmann and Spltzer (1895) made use of 
equal amounts of a -naphthol and paraphenylenedi amine for studying the oxidizing power of 
various animal tissues. Today the Nadi reagent which consists of dlmethyl-paraphenylene- 


amins 


mil 


only 


^ cchoiibein (I865) reported that yeast did not blue guaiacum in the presence of* 

^arden and Zllva (191^) fou nd peroxidase in vashed^ dried and acetone yeast. HoweTer^ they 
could not detect the oxidase. Bach (I916) confirmed this conclusion. Kastle (1909) sug- 
gested that reducing systems in muscle and brain retarded tests for the oxidizing systems, 
xhis vas incidentally obtained with yeast. Keilin found that when the yeast was heated in 
® solution at 52® for 1^ hours^ the activity of the dehydrogenase systems was de- 

creased and the test for the oxidase could be determined without difficulty. Through the 
use of this method he was able to demonstrate that yeast contained a powerftil indophenol 
oxidase system which was thermostable at 70 ® and which was strongly inhibited by KCN and 
. Warburg found that CO inhibited respiration. Keilin found that the activity of the 
oxidase was inhibited by high partial pressures of CO in the dark and that the Inactive 
CC^ oxidase coii^)ound was dissociated when exposed to light with the liberation of the active 
oxidase. These results together with other more detailed studies Indicate that indophenol 
oid-dase is identical with Warburg *e Atmungs f e rment . 


A more complete dlscxission of the Individual resplratoiy enzymes together with all the 
recent work will be given in the following chapters. However^ before leaving the histori- 
cal developments, it ehoudd be emphasized that most of the early work in the field was ex- 
tremely accurate and that each phase of the work made a definite contribution to our knowl- 
edge. Even two such divergent views as those of Warburg and W1 eland can find a place in 
the complete picture as more knowledge accumulates. This fact should be kept in mind as 
one studies the recent resuJLts, some of which seem to be quite conflicting in nature. 
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KINETICS AND MECHANISMS OF ENZYME REACTIONS 

experimental findings in enzy^^chemis^^ha^^ integration of the mass of confusing 
theories to such studies. The inadeauacJ en ® efforts to apply physical-chemlcaJ 

amount of exact quantitative LJraX^iu at ^esltT7 relatively small 

tlcal examination. Although ohvioualv o-i-f evident to any who makes a cri- 

cess, the experimentalist genuinely interestpid -in™? ^ are foredoo^d to only limited suc- 

activity will acquaint himself with the majof aspecJro?^^! ^derstanding of enzyme 

suitahle theoiy for the practice. He then wiU he ^n fhSf T ® 

eventual reconstruction. ^ ^ better position to aid in their 

if the result is to he anythi^'^more thM^a^mer^^^- publications available 

therefore, only of material believed to represent "'cracepts thS^h*^ discussion will be made, 
their usefulness or show promise of doins so already demonstrated 

the fundamental theory as a background for tho moT- o^ce allows adequate development of 
bibliography. Ihe plL of th^^Sr is tf represented by the 

chemical environment affect enzyme reactions nnH v, changes in the physical- 
ly to the rate of the reaction (kinetics) The nevt ere related mathematical- 

have been introduced as more and diverse A-h ® -section deals with refinements that 

tr„t, of o? enl™ «« 

pie final section proTldeo a few examples of how 3peclflJ°reactlon”St° considerations, 
have been calculated from the kinetic data. ^ ©action rates of enzyme systems 


REACTION VELOCITY AND THE PHYSICAL-CHEMICAL ENVIRONMENT 

the PteSS^SIhS^ch^LcteStSf TtS^ en°‘ ''f V*' 

datlon-redurtlon *tentlal, temperature, conceSt”tl“uL(ra^rXkSn“^^^^^ 


TEMPERATURE 


xn iwy Arrhenius empirically suggested the following rela 
action and the temperature at which a chemical reaction occurs: 


( 1 ) 


d In k 

dT 


^ , i. e. , the rate of change of the natural log of the veloc- 

ity constant of a chemical reaction is Inversely proportional to the sauare of fho nVioroi i- 
tsmperature. The seme relationship (equation a) Ls been derived In eL“ fo™ Som 

considerations baaed on statistical mechanics. (See "A Symposium on the wire 
wSJc^r™ subsequent sections which InvolvnheML 



d In k 

dT 



k = velocity constant of reaction. 

T = absolute temperature. 

B = gas constant. 

E = energy of activation of molecules, i.e. the 

®ii®rgy which must be possessed by a 
molecule before the reaction will occur. 
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integrating this eiiuation. 


(5) log k 


-E 

2.503 B 







-n 5 3t;ates 
. the slope 



se^ is to 

^ experimental 



t if lo£^ k la plotted against the reciprocal of the absolute 
the resulting '"best" straight line (best in the least square 

calories. The energy of activation, E, can thus be determined 






mm 





iencnstrated^that his empirical relationship also held for certain reactions 

2.. nses, e.g., the hydrolysis of sucrose by saccharase. The form for biologi- 
3 usually vritten: 


(h) log k = 





+ C) 








la Tariously t 
r the tais^eratu 
o ce ss ary imp 


enred the critical increment of temperature , the tei^erature characteristic 
^ velocity constant . It is used instead of E to indicate that there is 
illation of a physical meaning involved^ £•£•> "energy of activation-'* 


Crozler (± 92 ^^ analyzed the values of )x for numerous diverse biological reactions in- 
the folloving: locomotion of insects and other lower forms of life, frequency of 
chirping of crickets and katydids, rate of flashing of fireflies and heart-beat of frogs, 
unexpectedly, the values obtained had a tendency to cluster about certain figures, viz., 
r .rxi, and lS ,000 cal. The constancy of the values s;igge8ted that a governing re- 

arclcn p^ays a similar role in each of these biological responses, e.g., Hg-transfer to 
zx^gen ry tne cytochrome system or a common dehydrogenation reaction. 





e constancy of the value of ^ also suggests the basis for the empirical general! za- 
at all biological reactions have a temperature coefficient, Qj^n =2-5, i.e., with- 
r range of activity, the rate of respiration, of growth, or of any other vital 
non roubles (or triples) for each 10 ® rise in temperature. From equation ( 4 ) it 


\ ^ / 


a 


-Log - 2.503 E 


Tl - T2 

Til^ 



-■hich kj^ and k2 slto velocity constants at the absolute temperatures and Tq* 
ecuals ca. 12,000 cal. and and T2 are 10® apart In the neighborhood of 3OO0 K. 
Z ar.d 505® K, then 


Now if 

j 9 




12,000 

h.6 


10 

295 X 505 


0.29 


equals about 2.0 which means that the rate of reaction has been doubled. Similarly, 
If u equals 16,500 cal., log ]^/k]^ equals 0 . 40 , and equals 2*5* 

It may appear surprising that a relatively small increase in temperature causes such 
a large increase in the rate of reaction. Calculation of the number of molecules with an 
energy content in excess of a given quantity (energy of activation) discloses the reason 
for this somewhat unexpected result. Integration of the Maxwell-Boltzmann’ s distribution 
equation (Taylor, 1951 ) reveals that the fraction of the total molecules of a gas with 

^ is given by the relation, 

n' = number of molecules with ein energy greater 
than E. 

n = total number of molecules present. 


exMZgy content greater than a given value 


( 6 ) 



THEORY AND KINETICS 



If the energy of activation equals 12,000 cal. and T equals 500° K (27° C.), 


n 


n 


= e 


_ 12 . 000 
2 X 300 


= e 


-20 


= lO"^*^ ^ ® - 10 686 


= 2.o6 X 10 ^ 


and at 310° K (57° C.) 


n 


n 


= e 


12 . 000 

2 X 310 


= e 


-19.555 


,.-8.4058 , -9 

= 10 "^ = 3.93 X 10 ^ 


Thus the average kinetic energy of the molecules has increased only 3 per cent , 

do!hled. ~°^'^°'" molecules with energy greater than 12,000 cal. has practicably 


same In^^C^Lte^if Practical use in comparing different preparations of the 

J^^®®^^8ated the effect of source of invertase on the temperature charLteris- 
f ro ysia o sucrose. These coefficients also are used for differentiation be- 

tween similar enzymes when they are present together, such as different types of dehydro- 
genases in a suspension of Escherichia coli (Gould aid Sizer, I938). ‘lenyaro 

CONCENTRATION OF SUBSTRATE 


r,.ct“n O" cataU.3d 


/ 



O O. t 0.2 0.3 

CONCtMTaATIOM OF SOCROSt tSJ 


Figure 1 

TYPICAL SUBSTRATE CONCENTRATION - VELOCITY CURVE 

Data of Michaelis aod Menten (1913) on hydrolysis 
of sucrose by inrertase. Right hand portion of graph il- 
lustrates method used by Michaelis and Menten to eyaluate 
constants. 
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A ssbis - SC v/Ory ina'tlieiDa'tica.l anaXysis of this typ© of curv© 
Mer.ter. ‘19131. The foundation of their treatment is the 

form an intermediate which dissociates into free 


surstrate 




Their derivation follows: 


was first mad© by Michaelis and 
assumption that the enzyme and 
enzyme and products of the re- 


he reactions be assumed: Enzyme + Sucrose 


Enzyme + Fructose + Glucose 


Enzyme “Substrate Complex 




+ P where P represents products of the reaction. 








\ 



concentration of total enzyme. 

'* substrate (S))) (E) 

" enzyme -substrate complex 


Then concentration of free 
enzyme is total less bound 
or (E) — (ES) . 


The dissociation consteint of the enzyme- substrate is: 



cone, free enzyme x cone, substrate 

cone, intermediate 


(7) Ks 



or ( 8 ) 


(ES) Ks + (ES) (S) = (E)(S) 


iTir^ for (ES) 

(9) (ES) 


(E)(S) 

Ks + (S) 


!ov if the velocity constant for the hreaK-up of ES is ^ and the measured velocity of the 
reaction is v, then since the concentration of B^O is constant, v depends only on the con- 
esntration of enzyme- substrate complex or: 


V = k (ES) and from equation (9) v 

♦ 


k (E)(S) 

Ks + (S) 


“The maximum velocity of the reaction, V, will be reached when the concentration of the sub- 
strate is so high that all of the enzyme is tied up in the intermediate complex, i.*©-^ 
when .Z = (ES). Then V = k (E); substituting this value in equation (9), equation (10), 

T = —;z — ^ \ — is obtained. This is the usual form of the Michaelis-Menten equation, 

Ks + (3) 

but it can be written 


(10’) Ks = (S) - 1 


Since Ks »n(i V are constants this is the equation of a rectangular hyperbola which is the 
typical form obseirved (see Figure 1). 


Estimation of Kg by the method Illustrated in Figure 1 is somewhat cumbersome and in 
accxxrate. Lineweaver and Burk (193^) pointed out that if the reciprocal of both sides of 
equation (10) is taken, a linear form is obtained which is superior for determination of 

the values of V and Ks. 


( 11 ) 


1 

V 


Ks + (s) _ Ks r 1 n * -U 

V (S) " V LT^J V 


^Euler has independently derived a similar relationship; the equation is, therefore, often 
termed the Michaelis -Euler equation. The discussion in this section will deal primarily 
with the thermodynamic relations of the substrate-enzyme Intermediate hypothesis. Inter- 
esting suggestions with respect to the actual mechanisms by which the enzyme activates the 
substrate when combination has occurred have been advanced by Quastel (I 926 ), Wolff (1951)> 

and Taylor ( 1958 ) • 
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j^s 




+ S 


IB 


E + P 




M’ 


+ I ^ 


^ El (inactive) 


ncentration of free enzyme 


- {m) - (El) 

L,5'i - (SS) - (ElJ (S) 

(ES) 


and Kl = 


(E) - total concentration of enzyme 
(S) - concentration of sutstrate 

(I) - concentration of inhibitor 

(ES) - concentration of enzyme- substrate 

(El) 7 concentration of enzyme-inhibitor 

Ks - dissociation constant of ES 
Ki - dissociation constant of El 

E^E) - (ES) - (EiG ( 1 ) 

(El) 


complex 

complex 


(EI) 


(I) [(E) - (ES)] 


Ki + (I) 


(E) (I) - (ES) (I) 

Kl + (I) 


(ES) = (3) 


(E) - (iS) - -Ue)(I) - (^) (I)J 


Ki + (I) 


= (S) 


(E) Ki -H (E) (I) - (ES) Ki - (ES) (I) - (E) (I) -k (ES) (I) 


Ki + (I) 


= (3) 


Re) Ki - (ES) kTI 

L Kl + (I) J 


(ES) 


£sKi + Xs 



(E) (S) Kl - (ES) (S) Ki 


[ksKI + Ks(I) + (S) K^ = (E) (S) Ki 




(ES) = 


(E) (S) Kl 


KsKi + Ksd) + K1(S) 


Nov as Defore v = ]£(ES) where k is velocity constant of reaction (a) 


V = 


k:(£) (S) Kl 


ggy-i yg(T ) — *■ TO i ( s r ^ ~ K(E) where V is maximum velocity at enzyme saturation 


Y(S)K1 


KsKi -t- Ka(I) Ki(S) 


Taking the reciprocal of both aides - 



KsKi i- Kb(I) + K1(S) 

V(S)K1 


KlKs Ks( I) K1(S) 

V(S)Ki V(S)Ki * V(S)Ki 


/ 



or ( 15 ) 




Ks + Ksd) 
Ki 


l/(S) + l/v* 


in which V 4 Indicates the velocity and the maximum velocity in the presence of inhioitor. 

Con^Jarison of eq^uatlon (15) with eciuatlon (11) shows that the effect of a competitive 

inhibitor is to increase by the quantity the slope of the line obtained when l/v 

is plotted against l/(S). Hence competitive inhibition is indicated by an increase in the 
elope of the l/v ; l/(S) plot accompanied by no significant change in intercept (see 
Figure 5B) • In this figure the "best” straight line for the points corresponding to a 
given value of the p^2 determined by the method of least squares# It was demonstrated 

that the slopes of the lines differed significantly, but the intercepts did not, two neces- 
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o pNj* 0.2 atm. 

10*2.19 pH, 


yoNi - 0.4- atm. 

= 1 .0 O.Q 2 pH; 


pHj - 0.35 atm, 

% = fO.67 4-0.69 


pH2=0.l5 otm. 

//?= 10.32 + 0.61 '/pH, 


6 

L 


10 
1 


i2 

1 


Figure 3 


Competitive inhibition of nitrogen fixe'- 
tion in red clover by hydrogen (Wilson, 1940 ) 

A. y/y^: (I) plot (Top) 

B. 1 /v : (S) plot (Bottom) 

The significantly different slopes of 
the lines indicate that the inhibition is 

competitive . 


sary conditions for competitive Inhibition. Values of K1 (the dissociation constant of 
the enzyme-lnhlbltor complex) were calculated from the relationship Ks + ^ 


K 1 


- V* 


times slope of line. Wilson (1940) has estimated the Ks for this system as 0.05 atm. 

xamlnatlon of the egression for determination of Ki reveals that, unless the slope t 

Intercept, Ks and (l) are known vith a rather high degree of accuracy, relatively lar«e 
errors may enter Into the estimate of Kl. K 

From ec^uatlons (11) and (13) the alternative form 


(14) v/v^ = 1 + 


Kl 



ill 


Ks +- (S) 


can he derived. Accordingly, If v/v^ Is plotted against different values of Inhibitor con 

centration, (p slight lines result with unit intercept and a slope dependent on (S) as 
Is Illustrated in Figure 3A. v / 


When the Inhibition Is non-competltlve, the reactions may be written: 
E + S ES E ^ P 


E + I ^ 


El (inactive with dissociation constant, Ki) 



+ 



ESI ( Inactive with dissociation constant, Kggj 



the same type of reasoning and algebraic manipulations already Illustrated the 
final velocity equations are obtained: ’ 


( 15 ) l/ vj 

v/vi 




.1 

f 

1 1 n 

L J 

I V* ' 

[v*) 

' (s) J 


1 + (D/Kj 


( 16 ) 


I 
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oxpsri 


on of 


(15) with (11) makes it evident that the effect of a non-com- 
inhiDitor is to increase “both slope and intercept hy the factor Fl (l)/Kin. 

'"titive inhihition is thus readily differentiated from non-competitive since in the 
r the intercept does not increase (compare Figures 5A and 4 ), Equation (16) states 

v/vj^ against (l) results in a straight line with unit intercept and a slope 

V , This difference contrasts with the hehavior of a competitive 

--x^Ditor in wnich the slope varies with (S) and thus provides a second means for distin- 

^^e tween the two types* 



* Figure 4 

Non-competitive inhibition of 
nitrogen fixation in Azotobacter by 
carbon monoxide. (Ebersole, Gutten- 
tag and Wilson, 1944). Plotted ac- 
cording to equation 15. 

Both slope and intercept change 
in the ** double reciprocal" plot when 
inhibition is non-competitive. 


0 20 30 40 50 0 10 20 30 40 50 

2 1 J 1 1 \ \ 1 1 1 


more than one molecule of inhibitor combines with onb molecule of enzyme, the curve 
will ce concave upward instead of linear. The appropriate form of equation (I6) is then 

(17) v/vi = 1 + (I)Vk^ 

(18) log { v / y ^ - 1 ) = log i/Kj^ + r log (I) 

The number of molecules of inhibitor, r, combining with one molecule of enzyme is deter- 
mined by estimating the slope of the line obtained when*. log (v/v^ - 1) is plotted against 
leg ‘I) * This type is illustrated in Figure 5 ^ an example in which r equals 2 (Ebersole, 
Guttentag and Wilson, 1944 ). 
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F i gu re 5 

Non-competitive inhibition 
of nitrogen fixation in Azoto- 
bacter by carbon monoxide. 

Plotted according to equa- 
tion 17 with r= 2. 

The points fall along the 
same line independent of con- 
centration of substrate (pN2). 
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CRITICISM, CORRECTION, MODIFICATION AND EXTENSION OF THE THEORIES 

Although the mathematical formulations of section I have proved useful tools for ex- 
amining proposed mechanisms of enzyme action and for purely descriptive purposes, such 
successes y no means establish their validity. When examined critically and tested with 
diverse types of enzymatic reactions, it is evident that they represent primarily first 

® limited number of reactions. They are a convenient starting 
fv. analysis, but the basic assumptions are too simplified to correspond to 

he ma^ types of complex reactions catalyzed by enzymes. In this section we consider 
some of the criticisms that have been directed toward the elementary treatment given in 
section I and briefly discuss proposed modifications and extensions. 


TEMPERATURE 

The treatment of biological temperature coefficients in section I provides a satis- 

rZTZ ^10 ®nd has a certain logicS a^ 

is doubtful If the relatively simple equation of Arrhenius depicts^accurately 

r.^^- temperature on such complex phenomena as growth and respiration Many 

S 1935) objJt to the 

his equation for description of biological processes and have emphasized especially the 

temperature that is, a plot of k against 1 /t yields a curve rather than a straight 

fraquentlj a linear relatlonahlp betveen 

T~^ v ^ i:{^ depends on the method of plotting the data. If too small a unit is used for 

Sal^rSurwll/bl oir"^ f l^^"p '^111 te masked, and an apparent 

tio^S thi nnn ?J^®ined.l Crozier and others have suggested as a possible explana- 

«rowth is the a_ biological process such as respiration, fermentation or 

for-h ^ resultant of a aeries of catenaiy reactions". Different members of the 

ae les become the slowest at various temperatures, and this limits the velocitv of -t-be 

over-all reaction. If the reactions of the chain^have dlfLreS tempLrti?rcha?LSrls- 

nite "crltlca^' over-all process will change abruptly at defi- 

in the following section provides for a change in the slope of the line though proLbir 
not as marked as is sometimes observed. ’ T^nougn probably 

chemicarblaif Wonf coefficients on a biophysical rather than a bio- 
reflection of tbfl -Infi holds that a biological temperature coefficient is a 

eilection or the influence of temperature on such physical uroceqqpq aq -p-Pitoi* ^ 

viscosity rather than on a chemical reaction (BooiJ and Wolvekamp, 19^5). An excellent 
discussion of the two points of view is given in the monograph by'BeLhr;der( I955} 



bb 1 ® biologists determine u graphically by merely 

full scope for personal Mas, It. «... odrcuestlon ‘'n f 

statlatical methoas tha "best" straight line w be readily det.rS^^ea1^”bMV'°|n°S^^ 

least square sense). This line will provide hot onW v oest In the 

standard error attached to this estimate. Accurate comparison of ^t-b also the 

Bodanaky (I937) has shown that a variable u may result from selfiotion r.-p 

of reaction velocity. This highly Important point of employing SfproLfju^S^fnT®"'’® 
measure of the velocity of a biochemical T-Ancfion ^ne proper function for 

has been almost entirety overlooked in development of enzyS^tSorf^^^TM^^^^^?^ tested 
Plain in part th, confusion and contradlctloiJ^nco^teJS^n jMfh.S ‘ 



respiratory enzymes 
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experimental obseryations are in harmony with the theoretical ones de- 

-•^ equation does not, of course, prove that the hasic assump- 

-r n,>pothe3i3 are justified. Agreement of observation with theory indicates 
tne Ilea of the formation and decomposition of an unstable intermediate is a 
t,v?c thesis, not a necessary one. For example, the same sort of data would re- 
union or substrate with enzyme is physical rather than chemical since equation 
..denuical with i.angmuir'a adsorption isotherm, q = ap/(b + p), in which q 

V j ‘ adsorced at pressure, £; a is a constant representing the quantity 
rrel at saturating pressures; and b is a constant analogous to Kg. Agreement 

either equation does not tell, therefore, whether the enzyme 
r^-iorium is homopneoua or heterogeneous. This point will be referred to 
tne next section when Medwedew's views are discussed. 

*e i and Lineveaver and Burk (195^) have extended the siinple case treated 

-.3 and Menoeii uo nsore complicated ones in which some of* the restrictive assump- 

M« — - ^ 




hematicai derivations f*or these more complex Instances have 
led, those of Lineweaver and Burk Being more readily applicahle as they are in 


native 


de 


teen removed. 

m. As an ercample of such extensions, the objection of Briggs and Haldane (1925) 
ted since it emphasizes the important fact that the observed value of Kg (like- 
eed not represent a true dissociation constant and that the interpretation of 
nt as such snould be made with reserve. On the basis of molecular statistics, 
ers rejected the assumption that the velocity of fonmation and dissociation of 

nite in comparison with the observed velocity of hydrolysis and present an alter 
ivation; 


^1 


- m 




E F + G 


kg 


where k^^, k 2 and kx represent the 
velocity constants of the reaction 
indicated. 


'-’sing the same s^nbols as before, it is evident that the rate of formation of 


is 


d(ES) 

dt 


= ^1 


Re) - (ES)j , ^.e. , is proportional to the concen- 


tration of free enzyme and substrate. 


.ne rate of decomposition of ES is 
in concentration of ES is: 


-d(£S) 

dt 


-k^CES) - kx(ES); hence, the overall change 


( 19 ) 


d(ES) 

dt 


= kj^l^E) - (ESJ [(SJ -kgdS) - kjCES) 


A= as the rate of reaction, y, is constant then (ES) must be constant and hence 

" ' T ' — = 0. Substituting this in equation (I 9 ) and solving for (ES), 


(20) (ES) = 


kl (E)(S) 


ki ( S) kg kj 


or 


(21) (ES) = 




( S ) kg kij 


Clearly, if Is taken equal to Ks, equation (21) reduces to equation ( 9 ) of the 

Mlchaells-Menten derivation. The remainder of the derivation of this modification is simi 
lar to that already given for the Mlchaells-Menten equation. The derivation of Briggs and 
HjiI iIatia makes It evident that K 3 calcxLLated from experimental data may not be a true dis- 
sociation conetant; for many purposes, however. It may be used as such. 
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ACTION OF AN INHIBITOR 

Analysis of the action of different types of inhibitors has been important not only 
for enzyme theoiy but for the understanding of the pharmocology of drug action ( see the 
excellent discussion of this point in McElroy^ 19^7). Because of this practical applica- 
tion it is not surprising that this phase of enzyme mechanism has been most thoroughly ex- 
plored. In the previous section it was indicated that inhibitors of enzyme reactions fell 
into tvo general classes: 

Competitive - the Inhibitor competes with substrate for active groups on the en- 
zyme, , metabolic analogues of the succinic acld-malonlc acid type. An important ex- 
ample of this type is inhibition by products of the reaction. Frantz and Stephenson 
(19^7)^ in an interesting paper dealing with the hydrolysis of peptides, have recently ex- 
tended the original analysis of Michael! s-Menten. 

Non-competitive - the inhibitor combines with the enzyme Independent of the pre- 
sence of substrate, ©•£*, heavy metals with -SH groups. 

Closer study reveals that this classification is an oversimplification and that other 
types of inhibition can occur. First, it should be noted that competitive and non- competi- 
tive inhibition are not restricted to the cited mechanisms. Either type may involve com- 
bination with prosthetic group rather than apoenzyme (McElroy, 19^7)* Moreover, other 
types of inhibition have been observed: Wlnzler (1943) reports, for example, that azide 
combines with the oxidized form of the Atmungsferment (ES) but not the reduced form (E). 

If the inhibitor combines only with ES but not with E, the velocity kinetic equation is: 

(22) l/vi = 

( uncompetitive inhibition, Ebersole, Guttentag and Wilson, 1944). The doubxe reciprocal 
plot results in an unchanged slope but the intercept is increased by p. + (l)/Kesr]. Ex- 
amples, intermediate with respect to competitive and non-competitive inhibition, would 
arise if the affinity of the inhibitor for E and ES differ, i.e., 

slope and intercept of the double reciprlcal plot change by different factors. 

A type of inhibition for which Burk has suggested the name "quadratic" or "discontinu- 
ous" should obtain when the process under measurement is a series of reactions with the 
following characteristics: 



E 




slow 


fast 


B 


C is a compound that is eventually required in a reaction to make ES available; the in- 
hibitor combines reversibly with C so that (C)/(C total) is eaual to l/ (I + (I)/k 71. The 
kinetic equation is quadratic wltn components S, I, E, ES, C and Cl; the" double reciprocal 
plot forms lines with different intercepts and initially, near zero slopes; the slopes 
eventmlly change to a common slope equal to that obtained when (1) is zero. Experimental 
realization of this type has been described by Lineweaver and Burk ( 195 k) for diffusion of 
carbon dioxide in photosynthesis; by Commoner (1959) for inhibition of respiration of yeast 
by cyanide at various concentrations of glucose; and by Winzler ( 19 k 5 ) for respiration of 

yeast on different substrates and inhibition by cyanide as a function of the partial pres- 
sure of oxygen. 


THE GENERALIZED THEORY OF STRAUS AND GOLDSTEIN 

A chief source of the criticisms of the Mlchaells-Menten treatment is its assunption 
of certain properties for the system that may not always obtain. For example it is as- 
sumed that the reaction is pseudomonomolecular instead of bimolecular as is Indlent-nfl 
th, forMOatlon. Straus and Goldstein (W) and later Goldeteln (ytU) ferlW the Teloo 
Ity equations rigidly so that apy simplifying assumptions could be Introduced only after 
they were shown to be valid for a particular system. It is instructive to conroare their 
generalized derivations with the more specific ones already discussed. 
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Substrate alone 


^ is total enzyme, is free enzyme, S, total substrate and S^, free substrate, 
then the correct velocity equation can be derived: 


E + S ^-ES E = 


(Ef)(Sf) 

S = 


L'et a 

(ES) 



a z 

E(l-a)(S-aE) 

aE =: 

aE 


E- + ES 
Sj. + ES 

fractional activity be defined: 
ES _ V 


ES 


Ef = E(l-a) 
= S - aE 


(25) S = Kg t- aE 


A "noteworthy contribution of Straus and Goldstein was to emphasize that it cannot always 
ce assunied that (E) is negligible since the important consideration is not the absolute 
c oncentration of E but its concentration with reference to Kg. Accordingly^ they expressed 
> Z'' and like quantities in specific concentrations » E' = E/K^ which, analogous to specific 
grarities, are dimensionless. Equation ( 25 ) is put in the' specific concentration form if 
divided by Kg : 

( 2 E) S' = a/(l - a) + aE' 

This is the complete equation, but, if E' is very small, as is usually true, the last term 
is negligible, so it reduces to the simple Michaelis-Menten form. The question of when 
can this be done is best answered after consideration of inhibition. 

-Ton- competitive inhibition 

Ifon- competitive inhibition is entirely analogous to the substrate- enzyme equilibrium 
since the significant reaction is E + — ^EI. It is assumed that concentration of sub- 

strate is high enough to saturate the free enzyme; consequently a, , the fractional activity, 
is equal to Ef./E. From the equilibrium 

(Ef) (If) (Ef.)(I - El) 

- (El) ■ (El) 


the complete equation (25B) is derived as before: 


(25B) I' = (1 - a)/a + (1 - a) E'^^ 


Since (1 - a) E't is equal to (El)'^, the specific concentration of combined inhibitor, 
the first term in ( 25 B) must represent the free inhibitor. Non-competitive inhibition 
therefore is divided into three zones according to how many terms of equation ( 25 B; it is 
necessary to use: In zone A essentially all inhibitor is free so that 


(25A) I' = (1 - a)/a; in zone C the Inhibitor is all combined so that 

(25c) I' = (1 - a) E'j^ 

In zone B the complete equation must be employed to describe the behavior of the enzyme- 
JShlMtor system. The to-mdarlss of E' ere established by a graphical method »» 

choice of a permissible error In a. For a - 0.01, the boundaries appro*! jmtely. 

Zone A, E' < 0.1; Zone C, E'> 100 (See Figure 1 in Straus and Goldstein, 1945). 


THEORY AND KINETICS 


29 


Competitive Inhibition 


When the Inhibition Is competitive, two equilibria must be satisfied 


(I) 


(Ef)(If) 

(El) 


= Ki 


— r^T" 


= Ks 


The following relationships are easily verifiable by consideration of these two ec^uilibrla: 


E = ES + El + E. 


in which a = Es/e. 


(El 4 . E«)/e = (1 - a) or El = (l - a)E - E 


Solving (ll) for E^ and substituting in (l)^ the following- complicated expression results: 


(26 Bg) I' 


(s* - aE’g) 


1-a 


a 


- 1 


1-a (1 + 


1 


S' -aE 



E 


Total 


Free 


Combined 


The letters after the equation number signify that both Inhibitor and substrate are In 
zone B; l.e., this Is the moat general and rigid form of the equation. Simplification Is 
Introduced by neglect of which Is rather small when both El and EB are present: 


(27 B^Bg) I’ 

Total 



aE 


Free 


][< 


1-a 



+ (1 - a)E' 

Combi ned 


The fact that In general enzyme systems will operate In zone A with respect 
other zone with respect to I allows the writing of the following simplified 

of (27 BiBg): ^ 


to S but some 
useful variants 


(27 AjBg) 

I' = (S' 

- aE'g) Hi - a)/^ 

(27 B^Ag) 

I' = S' 

Ql - a)/a 2 ] + (1 - a)E'^ 

(27 AiAg) 

1 ' = S' 

Ql - a)/a^ 


Comparison of equation (27 B^Ag) with (25B) (the corresponding one for non- competitive In- 
hibitlon since the system is In zone A with respect to substrate) reveals that they are 

except for the multiplier. S'. The corresponding zones for competitive 
inhibition are accordingly; 


Zone A 


Zone C 


I' = S'(l - a)/a 


I’ = (1 - a)E’ 


when E' /s' <( 0.1 
when E' ./s' > 100 


Inhibition Hi no +>, ^ curves will suffice for both competitive and non- competitive 

i^lbltlon since the corresponding equations differ only by the appropriate multiplier 

These curves are prepared by plotting a against log I' for different valuen of tt' q" v, 

curves have the following characteristIcsT (1) al! curves Sf E ' non- cSpe 1 1 1 1 ^; ) or 

Wllh Inflection It a®n^ 5 ^enra^siepref o!57rit'’thirieiIt-Y2t symmetrical curve 

ire^pll become progressively steeper and spaced ourUtil^It IoL^\hey 

are parallel and essentially logarithmic curves with slope 1 1‘5 (See wlnnlo I ? L ^ 
and CJoldstein, I 9 U 5 and Goldstein, 1944). ' • ^ figures 2 in Straus 

Prom an analysis of observed "dose-effect" curves Strann anH a a . 

important properties of the enzyme system: cholinesterase-physostigmlne-acetyllhollM"^ 
the specific and general 


<> 
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s.rsteiiis fail in zone A as the dissociation constants usually exceed 

J V.' ^.ould have to exceed lO"*^ then to he in zones B or C. In vivo o^ evL 

cultures the effective concentration of E may he sufficiently high with 

..s-sms naving xov values of K to land in B or C. It is of interest that competi- 
-ve ir^iiDiuion cannot exist in zone C. 

-'-the slope and other properties of the "dose-effect" curve the number of mole- 
ii* inniti-Dor or substrate combining with enzyme can be determined. 


ones 




A and B dilution of 
lion beyond that arising 
rpretation when studying 
ureiiients . 


enzyme-suhstr&te-inhihitor leads to a decrease in In- 
from mere dilution* This effect may cause errors of 
enzyme systems taken from body fluids and diluted for 



depends markedly on the concentration of substrate; effects deduced from 
v;^ro in which excess substrate is added may be quite different from 
where substrate concentration may be much lower. 


ciudles on the kinetics of the displacement of I by S and S by I allow calculation 
of the velocity constants of the reactions 



E + S 








inesterase 


system these were : 



( combination) 

= 5*1 X 10’® 


= 8*3 X lo5 


• combination) = 26 o 


* 


l£U (dissociation) ~ 0.026 
Kg := 1.25 X 10-5 

(dissociation) = 0*32 


^ co-pi not be definitely evaluated but was less than 1,8 x 10"® (diluted serum); 
< 1. 't and is in or near zone A. 


me original papers should be consulted for the wealth of theoretical and experimental 
detail on tnese and other properties revealed by their analysis. It is evident^ however^ 

from this orief summary that the authors have succeeded well in establishing the point made 
in their initial paper: 


”The classical treatment of the kinetics of enzyme reactions has been 
based upon the assumption of a very small concentration of enzyme centers 
acting according to the laws governing first order reactions (pseudomono- 
mcieoular) . In this paper we shall show that under a number of common con- 
ditions such treatment cannot adequately describe the behavior of the system 
but that a more complete analysis must be employed. Enzyme- inhibitor and 
enzyme -substrate systems will be shown to behave in three distinct ways de- 
pending upon the qoncent rations of the reactants and the dissociation constant 
of the system. The boundaries of these three "zones of behavior" will be 
established on a kinetic basis applicable to all such systems^ and the quali- 
tative and quantitative differences in behavior will be demonstrated." 


PROPOSED MECHANISMS FOR ENZYME REACTIONS 

The approach discussed in the preceding section has been only Indirectly concerned 
with the mechanism of the action of enzymes. For convenience, the formation of a rather 
vaguely defined unstable intermediate is suggested, but the major goal has been the de- 
velopment of equations that describe the rate of the reactions. In this section we shall 
consider the efforts that have been made to apply to enzyme reactions modern physical- 
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chemical theory that seeks to "explain" or predict the rate of a chemical reaction on the 
basis of the physical-chemical properties of the molecules involved. Although little suc- 
cess has yet been had with even the relatively simple systems of the chemist, application 
to biological reactions does not appear to be hopeless. Such efforts are justified if for 
no other reason than that: (a) they emphasize that agreement with a given equation derived 
on the .basis of a particular mechanism does not constitute proof of that mechanism; (b) 
they furnish some suggestions about the properties of the transient Intermediates that are 
Implicit in all the proposed schemes thus clothing these with some semblance of reality.^ 

COLLISION THEORY 

As has been already mentioned, Arrhenius initially proposed the empirical relation, 

In k = B - A/T; later the equation was derived from theoretical considerations. The modem 
form of the equation is: d In k/ dT = E/RT, where E is the "energy of activation" of the 
molecule undergoing reaction, k is the measured velocity constant of the reaction and the 
other symbols have their usual significance. On integration, this equation becomes 

k = Se-E/RT. 


The next step in the development of the theory was to determine the significance of 
the constant, E, and to provide methods for its calculation from measurable properties of 
the molecules. For unlmolecular reactions, S may be regarded as a frequency and is approxi- 
mately constant (order of 10 ^). For bimolecular reactions (most important for enzyme re- 
actions) S is regarded as the collision frequency. In many reactions straight-forward 
calculations based on the kinetic theory of gases provide satisfactory results. These re- 
actions include both those that occur in the gaseous phase and in solution (Daniels, 19^+5). 


In other reactions the discrepancy between the observed and calculated values is well 
beyond experimental errors. Moelwyn- Hughes (1952) has discussed these and has suggested 
possible explanations for the discrepancies. He concluded, however, that none of the sug- 
pstions appeared to be satisfactory. Hinshelwood (1926) and Jowett (I929) among others 
ave provided corrections to take care of factors not considered in the original treatment 
inshelwood s correction deals with the energy of activation; he suggests that part of the 
energy required may be used to satisfy the so-called internal degrees of freedom of the 
molecule. These degrees of freedom may be roughly considered as arising from the ability 
of the molecules or groups in the molecules to orient themselves in different spatial ar- 

Hinshelwood’ s concept is that the energy of activation as deter- 

be corrected according to the following equation: ^ 

7 5 ® ^{^(E/®T)^(1 /f) in which Z represents the "collision term" and F is 
follLi^^rLitio?"^^ degrees of freedom of the molecule and may be evaluated from the 


■See, for example, the recent review of LuValle and Goddard (W) dealing with the mecha 

addition to discussing many aspects of enzyme mechanisms that are the sub- 
jects of this section, these authors propose a general mechanism applicable to many 
classes of oridati on- reduct ion enzymes including oxidases, paroxidaLs caL^LrSd dehv- 
drogenase. The mechanism, based in part on the views recently advanced by Pauling and bv 
Mlchaelis, has two basic assumptions; (1) All reactions proceed through a serle^of urJ- 

electron chafes; (2) A ^rnaiy complex of donor, enzyme and acceptor must be 
ed for the reaction to go to completion. Oxidation is believed to proceed vin 
quinones that are fo rmed and remain within the enzyme complex. Such a Lchanlsm thev ' 

^ reactions and non-specific oxidations and thus allows for enzvme ^ 

spGCif iclty , Th© autiiors dovslop g©ii0ral eQuation<^ "PriT* +Vi«» v 4•^ i j ^ 

the following advantages for the scheme: (1) it reduces all anyim,?" They claim 

to a basic mechanism; (2) it permits enzymes tf retain speclficitfwhl^a f 
quinones and radicals; (5) it explains o^^so react 
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^ V crgerred'^ +• ETi: = 2 ( true ) . which leads to the eq.uation: 


\ 

V 





tali 










regarding the collision theory eind chemical kinetics 
r erences ; SyjEposium on Kinetics of Beaction - Chem. 


(-ri'a) and Binahelvood (1934). 


can be obtained from 
Bev. 45-136, 1935. 


A -r T-.r- 


- I'a't 6 


riHier. 

: r er.zT 

% 

he trz 


nea (19^5) who has made important contributions to the theoiy as well as 

oai basis of chemical kinetics, has applied modern theories of reaction 

re Inactions. A few examples from his initial paper will suffice to 11 - 
e of problem undertaken. 


C L. « • Cl V ^ 


enorniea 


t . 






^ 4^ W W % 


one pr 
r ositj 
dete 


o: 


^ -S ^ ^ ^ ^ 


^ • 




ovo 


i. - ^ Mil it le aasuised that Inactivation of enzyme is due primarily to collision 

soxvent molecules^ v water The collision term, Z, may he calculated by two 

lirsM, an extension of Sinstein^s treatment of Brownian movement will give the 

wOllisMon oeuyeen the large solute (enzyme) and small solvent molecules. When 

s,a^uuia ons, which involve the molecular diameter of the enzyme and the vis- 

■ , a. e — ade. a value of 9*1 x 10 for Z is obtained. A second method for 

18 an application of the kinetic theory of gases; the enzyme molecule is re- 

a wa — against whiih the solvent molecules collide as do gas molecules in a con- 

d yielded a value of 4.1 x 10 for Z. Since good checks, were obtained 

-- ^ ... 2 .k 


^nis 


y'i c 


hod 


wiie collision term may be taken as approximately 5 x 10 


f 

the 

let 

fol 


24 \ Hinshelwood ^ 8 equation (28), the expression, k = 

^ ^ ^ ^ obtained. For enzymes, F has not been estimated direct- 

buu values of £ may be selected so that k calculated from the equation will agree with 
^experimentally determined values. Moelwyn- fflighes ( 1935 ) has made the necessary calcu- 
lous for a numler^of proteolytic enzymes whose E values are known. He found that if the 
^cvlEg values o: £ «sre assumed, the calculated k' a agreed with the observed velocity 

tiypsln-iL^nase, 12 ; pancreatic proteinase, 9 j and enterokinase, l6. These 
values appear to ce reasonable and compare favorably with one another. It was 
^hat the rate inactivation by solvent molecules is such that it can be satis- 
accounted for on the basis of collision activity alone. 


constants 
nec 
con 
f ac 


essary 

eluded 


C3 of 


enzyme reactions 


—1 general, uhe expended theory of Hinshelwood appears to be quite satisfactory in 
a — lor some aspects of enzyme kinetics, but several objections may be raised 

Clil©i Oi these is that at times calculation of the so-called energy of actl- 
• Hlnahelwood a equation ( 29 ) leads to estimates which do not appear to be consis- 

tent with XBodem concepts of catalysis. For example, the figures which must be assumed for 
r in several Instar.ces lead to calculated values of the true energy of activation which are 
several tines larger than would be expected. Thus for hydrolysis of sucrose the calculated 
T Is 52 and iL, 59.^000 cal. Since sac charase is superior to the H-ion as a catalyst, the 
reaction catalyzed by it should have a lower critical Increment; however, E for liydrolysls 
of sucrose ty acids is only 25,600 cal. 


In the decosgposltlon of i^drogen peroxide by liver catalase, F is apparently 170 which 
corresponds to an E of 101,800 cal. The same reaction catalyzed by the iodide ion has a 
critical Increment of 15,300 cal. The calculated F for hydrolysis of starch Is 121, and 
for action of pepsin on edestln is 64 . In addition to the argument based on abnormal 
values for the critical Increments, these estimates of F appear to be much too large. If 
10 to 15 internal degrees of freedom contribute to the energy of activation when enzymes 

Hie effect of H and OH ions on the Inactivation is also discussed by Moelwyn-Hughes. 
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are thermally destroyed, estimates of 50 to 100 for the numbers involved when a substrate 

molecule Is decomposed on a portion of the enzyme surface are not plausible. Moelwyn- 
Hughes concludes, 

The idea that a large number of internal degrees of freedom usually con- 
tributes to the energy of activation in reactions catalyzed by enzymes does 
not now appear as attractive as it did a few years ago. As far as the informa- 
tion dealt with in the present inquiry entitles us to decide, the theory is not 
only untenable but rinnecessary. Despite much uncertainty connected with finding 
the true value for the energy of activation, it is probable that the apparent 

critical increment is much nearer the mark than the large corrected values «iven 
above . 


Although the extended theory of Hinshelwood might explain thermal inactivation of 

enzymes, it does not appear to be involved in the mechanism of true enzymatic catalysis - 

at least as far as our present information goes. More recent data discussed by Moelwyn- 

Hughes (1937) suggest that even the absolute velocity of inactivation of enzyme may be 
accounted for by a simple collision theory. 


CHAIN REACTION THEORY 

Physical-cheMcal investigations of several photochemical reactions revealed the anom- 

quantum efficiency was greater than unity; in some examples ex- 

igirSouoS Ih were encountered. To explain these surprising results, BodLsteln in 
9 5 proposed the chain theory of chemical reactions, the details of which are given in the 

pS^siLl cWst^ nionograph of Semenoff (I 935 ), or any modern tert of 

Moelwyn- axghes ( 1937 ) emphasized that many of the characteristics of enzvme-catalvzed 
i-eaotiom thos, uaually associated with chain reactions, among tL^ 


1 . 


The velocity of a chain reaction is a function of the number of active cen 
ers generated per unit time in unit apace and of the average length of 

reason there is, in general no simple algebraic relation 
tSn?'' instantaneous rate of reaction and the concentration of rtlc- 


2. A chain m^ be abbreviated by the presence of extraneous substances which 
do not undergo chemical change themselves. 

o^L^ed?' ^ induction is 

as thf^tfo^refcJirdSeSiSIn ^h^di'S^JoL^of reactions, such 

explosions because of branching of the chains. More or less^nl^^^^M occurrence of 

been suggested to account for such dlscrenancies qinr-a explanations have 

reaction is the occurrence of onrhlg^rSoSe^mlc sSn ^ T ^ <^hain 

types appear to be accounted for on the basis of coSlsion Seoiy hydrolytic 

Oener^ solu^ of ^ ef^ ^ suW^ concentration on reaction velocity 

Although the equation of Mlchaells and Ment«n la ^ 

not always describe the experimental findings e « ^ 0 ^^^%^°'' reactions, it does 

Moelwyn-Hughes (1937) supplied a more general' derlv4tl on xanthine oxidase system, 

sible chain reactions, which he claimed more closely fits of Pos- 

ia of interest as it illustrates how formally equivLSt kiieti^® derivation 

though baaed on quite different assumed mechanisms. netic equations result even 
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Consider the following reactions occurring in the chain: 


1 • o ► Xq 

2 . Xq .P Xn 

y • ^n ^ ^ > ^^o 

U. Xq + S .E ^ 


The rate of formation of Xq 

(51) dXo/dt = Zr^ 



Chain initiator 

(S) 


f Chai n 

(E) 


[Propagators 

(P) 

2 S 

Chain Breaker 

(Xo) 

is 



(E)(S) + Zj (Xn) (S) a 



Cone. Substrate 
" Enzyme 

Products of reaction. 

(Xj^) “ ions, molecules and 

radicals of unspecified 
composition which appear 
and disappear in the chain. 


vnere a denotes a term to take account of fact that chains may he branched. The rate of 
decomposition of X^^ is, 

(52) - dXo/dt = -Z 2 (Xo) - Zi^(Zo) (S). 

Therefore . 

(55) = Zi (E) (s) + Z5 a (Xn) (S) - Zg (Xq) - Z4 (Xq) (S) 


Sisiiiarlj'^ 

{3^) dXj^/dt = Ze(Xo) - Z5 (Xn) (S) 


ihe Z terms are unkno wn functions dependent on size of molecule^ teniperature^ etc. tut in- 
dependent of autstrate concentration. 


When the chains have estahlished themselves^ hoth dXQ/dt and dXj^/dt will e^^ual zero 
(no change in concentration at eq.uilihrium) ; hence^ 

(35) 2;2_(E) (S) + Zj a (Xj^) (S) = Z2 (Xq) + Zi|. (Xq) (S) from ( 33 ) 

(36) and ^2 (Xq) = Z5 (Xjj^) (S) from ( 3 ^) 

(Xq) = Z5 (Xj,) (S)/Z2 


Substituting the values from (36) into ( 35 ), 

( 37 ) Zi(E) (S) + Z5 a (Xn) (S) - 

Zl(E) (S) 


Z5(Xn) (S) + ^^(Xn) (S) 


(58) ¥ V (S) = 


22 

How the velocity of the reaction is v = dP/dt = ^(Xq) = Z3;(Xn) (S) from (36); and from 

( 38 ), ^ 


( 39 ) 


V = 


Zl(E) (S) 

(1- oc)-*- (sT 

^2 


Z1Z2 (E)/Zk 


1 + 




( 1- o ) 


Z4 (s) 


It Is evident that If (l-a)^|^t 


Zi(E) (S) 

(S), then V = 7^ , that is, the reaction is 


nearly unlmoleci^ar. Since the uni mole cellar constant is 


k = l/s . d(P)/dt = I 


V = 


Zi(E) 
(1- a) 
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/ regarded as the average number of links in the chaln^ and Zjl(E) (s) as num- 

ber of initial centers generated per unit volume in unit time. On the other hand, if 

. . jy Zij. ^l^P 

(l-a)<^ ^ (S), then v = — — (E), and the reaction becomes zero order. These two condi- 

tions describe enzyme reactions which have a substrate-velocity curve similar to that shown 
in Figure 1. 


At low values of (S) the rate of reaction is almost directly proportional to concen- 
tration of substrate (unlmolecular reaction); at high values of (S) the rate is practical- 
ly independent of this variable (zero order reaction). This transition in order of the re- 
action is comparable with that found in gas reactions in which the order is bimolecular at 
low pressures and monomolecular at high. The unusual type of substrate -velocity curve en- 
countered in the xanthine oxidase system will be discussed in a succeeding section. 


Finally, an identification of Ks with this generalized equation (59) based on a pos- 
tulated chain reaction should be made# According to equation 

(10') Ks = (S) (v/v - 1). To find the value of the maxiniuiri velocity, V, equa- 
tion ( 39 ) is differentiated with respect to (S) and set equal to zero. The maximum veloc- 
ity will be reached when a is equal to unity and will be: 


(i+o) V = 

When this value and that for v are substituted into ecjuation (10') equation (^1) results: 

Z2 

( 4 I) Ks = 2 , (1 ~ ^ which states that the Michaelis constant is inversely 

^ proportional to the average length of the chain. 

Moelw:^-Hughes (1957) is of the opinion that, considering the values of Ks for hydrolytic 

reactions (ca. 10 ) in comparison with those for oxidative reaction (ca. 10“°) chain re 

actions are important for the latter only. ’ 

The luclferln-lucif erase system 


This system is of particular interest because light is emitted through oxidation, the 
reverse of photochemical reactions initlatfi^^y-- The Michaelis constant, calculated 
from equation (1077 tiirns out to be negative which, of course, can have no physical mean- 
ing. However, the influence of substrate concentration on velocity may be fully described 
by equation (39) provided (1 - a) has a negative value. There is evidence that lumines- 
cence occurs at the termination of a chain. The chains appear to be fairly short, and the 
number of lii^s corresponds roughly to the number of oxygen molecules which disappear per 
quantum of light emitted. Several other properties of this system which do not receive 

easy explanation by application of ordinaiy collision mechanisms are resolved by treating 
the reaction as a chain type. (Moelwyn-Hughes, 1957). 

The xanthine oxidase system 


The substrate-velocity curve at low concentrations of substrate for this system is 

encountered in that the curve has abrupt discontinuities, 
he collision hypothesis does not appear to be adequate, but application of a chain mechan- 

® fo^l explanation for the various portions of the curve (Moelwyn-Highes 

1957 ) . For example above a certain concentration of substrate the velocity d^r^s ' 

with Increase in substrate concentration as was also noted in the luciferase svstem In 

term Of the Mloheells-Manten theorr, tUo mane that Kh le- .g.t”a? 

tarm of the ohaln thaoiy, It merely Indicates that a la greater than unity ife. tilt 

e Chains are branched, and the system has explosive tendencies. Although’ recourse to a 

chain mechanism may provide a convenient and even a logically satisfactory expSLn o? 

observations, convenience and satisfaction should not be mistaken for sclLtlfirnroo? 

rae u^eual heavier of the x«.thl„. oxidase ayeten .My orlglSS eo^ pS«oSr 

property Of the enzyme preparation, the technique used in the measurements or the presence 
of an undetected interfering reaction. w^wnus, or une presence 
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respiratory enzymes 
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Catalase- hydrogen peroxide system 




’W'orkers^ Including Haber and V/IiiotSter (19>1) p| 

anri ni-hfiT’ 1 demand atrorv? experimental proof that a chain 'a 

and other enzymatic reactiono. He advanrea the 

tance: auvanoea r^ne .oii.o«jnsi: ODjectlon.i «>/ 
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1. The chain theory renders unintellif/lble the proportionality observed 
enzyme concentration and velocity of reaction. The ''theor^" cHC fo 

as thrveloclt^ nct‘^®??'''^‘\°" concentre 

city actually observed is proportional to the first power. 

tion''slncr^h®^°''^‘^ reduced by impurities In the enzyme prepare- 

tion since these would break the chains: such reduction is not observed. 


<mi 


5- The chain theory does not account for specificity 


enzymes. 


4. 


No mechanism is provided by the theory for transfer of the 
rose ons • In most blologlc&l oxlds.'tlons tbo oti 0 Tj^^ 1 
reaction, the transfer often Involvas the Interaction 
which must be held simultaneously at 
a reaction In a homogeneous medium 


specific surface. 




is d 1 f f 1 cult to vl sual 1 le . 

Although his calculations indicated that the observed rate of decompo 
f catalase could be predicted from simple collision theory, r 
U957) believes that the chain theory furnishes the most reasonable mechinls 
composition of by catalase. His equation (59) states that the rate of 

flrer^^MM concentration, U), which invalidates 

" K iticism Of Haldane. Moelwyn- Hughes also suggests that the agreement between 

o served ^ and that predicted by the collision hypothesis may be fortuitous In that 
observed value Is in error. He emphasizes that the conclusion that each actlvatlxw c«* 
Sion brl^s about chemical change is based on the not too well founded assumptl one that 
Iron in the enzyme preparation is entirely from catalase and that one atom of Iron 
by analysis corresponds to one molecule of the enzyme. He concludes: 








tte 


Conformity with a chain theory of the reaction now requires that the actual 
quantity of enzyme present is less than the value hitherto estimated, In the saas 
proportion as 1 is less than the number of llnkn in the stable chain." 

THE QUANTUM THEORY OF MEDWEDEW 
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The Interpretation of the kinetics of enzyme reactions dic'.asaal 
tions has been based on the postulated formation of a more or less 
posed of substrate and enzyme. As has been indicated, formulation of 
this basis is in satisfactory agreement with most of the existing data concurne^i wl 
kinetics of such reactions. The intermediate hypothesis is not entirely 
and alternative explanations have been sought to account for the discrefftsci#^ 
servations and theory. Medwedew, a Russian biophysicist, suggests that tli«?^ iBleraeMst#* 
substrate-enzyme complex theory be discarded as it is out-of-date and inconel^*: ent uritto 
modern physical theory. He claims (Medwedew, 1957) that the theories Imsed on 
of intermediate formation rest upon erroneous foundations for these reason®: 






f 


7WW 


m om 


m 









1. The time Interval for reactions catalyzed by enzymes Is much too small to allOv 
for formation and decomposition of a stable intermediate. Calculation® baaed 
on the hydrolysis of sucrose indicate that the duration of the hypothetical In* 
termedlate Is of the order of 10*5 sec. ; such a time Interval, f4edvedev state®, 
is much smaller than the usual duration of a chemical compound. 




THEORY AND KINETICS 


57 


2 . If the reciprocal of the Michaelis constant represents the constant of affinity 
between substrate and enzyme, the values calculated on the basis of the Michaelis- 
Menten equation are far too high especially for hydrolytic reactions. Calcula- 
tion of the heat of dissociation (or formation) of the intermediate based on the 

constant gives values which are much larger than the observed heat of 
reaction. According to Medwedew, these two values should be closely related. 

5. The magnitude of the temperature coefficient of a reaction should be closely re- 
lated to the observed heat of the reaction since it is theoretically derived from 
the latter. The heats of reaction, however, are much too small for the observed 

temperature coefficients especially for hydrolytic reactions in which the energy 
change is very slight. 


Derivation of statistical mechanical theory 

4. (1937) proposes to replace the intermediate complex theory with one based on 

statistical mech^ics in which there is no formation of a stable compound between enzyme 
and substrate but only contact for energy exchange. ^ A brief formulation of this theory 
follows; I or details of the concepts proposed by Medwedew the original publications should 

Uo V 0 1x3 l.X ■ 1 Kf G CL • 

Denote substrate molecules by Sa, Sb, etc. ; R and P are products of decomposition of 
the reaction; F, the enzyme; E, energy of activation; h^, quantum of energy. 


1 * F + h.y 




2 . S + hy 


S* 


5. S* 

4 . Wr 


> + P 


E 


vated; 
occur : 


"the enzyme molecule is of course 


An enzyme molecule^ iDecomes activated (P^) 
throxa^h taking on a quantum of energy; this 
energy is derived from that liherated in decom 
position# The activated enzyme molecule col- 
lides with a molecule of substrate and through 
an "inelastic collision of the second order" 
transfers this quantum of energy to the mole- 
oT substrate which in turn becomes acti- 
ctivated in the exchange. Now two things may 


1 . 


2 . 


t c molecule of substrate is such that the following relation 

^ ^ ® where €Sa denotes energy of molecule, the reaction oc- 
curs + Sa .-F + Sg* followed by Sa* P. R* may now give UD its 

reartlv.tfa by 

If, however the energjr of the molecule of substrate is such that € o. ^E - h^ 
then the following reaction occurs: ^ 

9 - 


F* + S 


F* S 


4.J . , “ b" This intermediate compound does not dissociate The 

activated enzyme is tied up uiitil by collision with some other acMvaSd'suV 

s ance as R*, it secures sufficient energy to bring about decomposition of Sv 
The existence of this undissociated complex is made use of in the theorv for ^ 

tion by other substrates, and the influence of other factors such as pH Ld 
coenzymes on induction and Inhibition. ^ 

Calculation of react! on rates 

On the basis of the foregoing concepts Medwedew ( 1957 ) has deri-o-nd or, a 

(^) is the concentration of active enzyme molecules which at « rr-iTron -n 

angaged In trabbfarrlae energy to the aubatrate, then the rate of ohahg! 1„ (p)“l?roon. 

^Compare with recent claims of Rothen ( 19 ^ 7 ) regardim? nei-ir,T, r.^> 

V legaraing action of enzymes at a distance. 
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. 4l ^ 


tr?. 






dS 



depend on both the total number of active enzyme mole- 






“ * B is a constant which is independent of 

-integrating this expression and substituting the 







f tnat transfers from (0) to substrate are effective then: 



G ( 0 ) = G (F*) 

t = 0, (S) = a 


[l - e-B(s 3 . 

and t = t^ (S) 


Integrating both sides of 
= ( a-x) : 








9 



1 - e ^ 
1 - 


in which the constant G (F*) in equation 







cn c: dat-a orie^inaily obtained by Mlchaelis and Menten (I 915 ) for test 

rn snows equally good agreement with expression (k6) derived by Medwedew. 

= yce po^nu onat agreement between observations and predictions based on 

theory does not necessarily constitute proof of that theory. Other hy- 
t the data equally veil. 


T*- — 






-A 


*on 01 one constant B in equation (42) to the Mlchaelis constant 


- ^e -.nd-. 2 aoed- The Mlchaelis constant is defined as substrate concentration at 


- - 


is equal to 1/2 vT. Hien, since 


l ^ 


vnen v 


= 1/2 V 


1^' = 1/2 V 


or 


(^) = 


_ 1/2 V 


At substrate concentratioii, at which 

V/G, since the naxlnauB velocity^ V, will 

Talues in (43)r 


V = 1/2 Vy = Kg by definition. Also (I^) = 
obviously be equal to G (F^), Substitution of 


B = 1 /^ 


In 


v/g 

V/C - 1/2 V/G 


l/si In 2 


= 0.69/B = Kg 


Activation energlea and, temperature coefficient of reaction 

To obtain an enei^^ of activation, E, which is satisfactory for calculation of the 
abeolute velocity rates for certain reactions, it has been necessary to introduce correc- 
tion factors such as those contained in the Hlnshelwood* s expression. In general, this 
particular treatment was unsatisfactory for enzyme reactions and has been largely rejected 
\fj the original proposer, Moelwyn- Hughes (1955i 1957)* Medwedew (1937) has suggested the 
following sche^ for data mini ng the true activation energy; Let A be the apparent energy 
of cultivation calculated from data in the usual manner: since 

and k = Z e^E/ET (2 is collision term, see equation 

28 ) 

(48) then In kj^ = In Z - and In k 2 = In Z - E 2 /ET 2 


(^7) 


kp 1 Tili2 
A = In , Tp-Ti 
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(49) In - In = Ei/ETi - 

(Kr\\ ^ 1 A ^l'^2 - ^Ti 

In kg/^l - ^ ( Ti To ) subs ti tut liig this value in (^7) 

EiTg - 12^1 

(51) A = ^ _ m also^ from (^9) it is evident that 

d *^l 

(52) %/Tj_ = + ^-55 log k2/^l 


This gives two methods for calculation of E, A is calculated at high temperatures 
where it is essentially eq^ual to E. If this value of A is taken as the initial E^ esti- 
mates of E for any other temperature are calculated from eq^uation (51)- Or, if kn and A 
are determned at some high temperature, the value of A can be substituted for E, in 
equation (52) and E calculated for any other temperature T for which k is known- \Vhen cal- 
culations were made for a number of enzyme reactions, (lipase, emulsin, ancrlase, pepsin 

invertase), it was shown that, although A may vary two to three fold over a wide tempera- 
ture inteival, E remains essentially constant - 


The activation energy of an enzyme reaction should be less than is the activation 
energy of the uncatalyzed reaction - a fact inherent in the concept of a catalyst that is 
not made use of in the intermediate complex theory- According to Medwedew's theoiy the 
substrate molecxile receives h-^ ergs of energy from the activated enzyme- Hence, the acti- 
vation ener^ of the enzyme -catalyzed reaction, Ea^, will be less than that of the uncata- 
lyzed, Ea, by DJhv ergs per mole, or Ea = Ea + Nh , and the temperature coefficient of the 


enzyme reaction will be d In k / dT = EajZf/HT^ 



This relationship states that the temperature coefficient of an enzyme catalyzed re 

action should be less than the non-enzymlc process, an experimental fact known for many 
years. 


The energy of activation of 55 enzyme- catalyzed processes averaged 11,400 cal. where- 
as the energy of activation of ^7 non- catalyzed processes averaged 51^000 cal. The rela- 
tive number of molecules which would be activated to the point of reaction is given by 


e 


_ (11,400 - 51.000) 


RT 


or about 10 


14 


This explains the enormous speeding up of reactions 


ty the presence of enzymes. The average activation energy for 12 reactions in the presence 
of inorganic catalysts is 16,500 cal. Eijr a similar calculation, it can he shown that the 
enzyme- catalyzed reaction would he expected to he about 10^ more rapid than the reaction 

catalyzed hy chemical substances; this may he the reason that the chemically catalyzed re- 
action requires much higher temperatures for a comparable velocity. 


According to these data, the cell must have available about 19,600 cal. to produce 
sufficient activated enzyme molecules to cause the reaction of one mole of substrate. The 
required ener®r is smaller than that available for many enzyme- catalyzed processes, notably 
those involviiig fermentation or oxidation reactions. 


The point which has been previously mentioned that agreement of a particiilar theory 
with a few sets of experiment results does not constitute adequate proof of the validity 
of the theoiy, is once more illustrated by a comparison of the calculations made by 
Medwedew and Moelwyn-Boghes on the absolute rate of reaction for the inversion of sucrose 
by saccharase. Both obtained results equally in agreement with the observed velocity al- 
though Medwedew based his calculations on the statistical mechanical hypothesis and 

Moelwyn- Hughes, on the intermediate complex theory. Clearly, this triumph does not provide 
a critical test for either theory. 
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O 




application of the physical -chemical theory of 
. (^nng, I 935 ; Glasstone, Laidler and Earring, 19 l(.l) that provid^ a me- 

reactions allowing the calculation of their reaction rates from ther- 
and other physical constants- It has been successfully applied to only a few 

chemical reactions (Daniels, 191^3: Earing, 1944); in general thJ calcu- 
^ and necessary data required would seemingly preclude its application to reactions 
,.= as those catalyzed hy enzymes. Its nmjor us, for enzyme ohemlstiy has been to 

knowing the rate of reaction, one can estimate important 
^ I^owledge of such constants allows certain inferences to be 
dra.ii „ DO a. .the prooable mechanism (Stearn, I 958 ) ; also the consistency of the results 
>-.en applied oo diverse systems and the agreement of the deductions with others based on a 

provide support for- applicability of the theory and thus indirectly for 

i LoS 'V SLXI d-i. ^7 • 


s r* D ' 


DQnva.'ti on of t^Iie f*urida,iDen'ba,l eQua'bion 


experimental evidence that led to the development of a suitable mechanism for ap- 

Pii.oa._cr: o. tne theory to biological systems was derived primarily from studies on luml- 

nesoer.ce in bacteria and other organisms (lyring and Magee, 1942; Brown, Johnson and Mars- 

-and, i;f-i , but a nore general statement of the theory has been recently furnished by 

jonnson and Lewin, (19^6, p, 62), The theory for calculatiop of the absolute rate of a 

react- on proposes that a chemical reaction takes place after the formation from the reac- 

t^ts of an activated complex that decomposes into the products. The rate of reaction is 
given by the expression: 


(53) 


k' = k (kT/h)K ^ in which 
k' - specific rate of reaction 

k - "transmission coefficient," a constant that measures the probability 
that the activated complex having broken apart will not reconstitute 
itself; usually taken as eq.ual to unity, 
k - Boltzmann’s constant, e/n, 1*37 x 10 ~^^ erg/degree 
h - Planck’s constant, 6.55 x 10 ”^ > erg-second 
T - absolute temperature 

equilibrium constant between reactants and activated complex. 


From thermodynamics: 

(5k) - ET In K4 = A F+ = A - TAS4 = A£-^ + PA V^ - T A S ^ in which the 

daggers indicate that the thermodynamic constants, ^ the energy, F, the free energy, S, 
the entropy, H, the heat, V, the volume, and P, the pressure, refer to the activation re- 
action. For example, A F *V is the difference between the free energy of the activated com- 
plex and the reactants. For convenience, in the following we shall write k(k/h) as C and 
use the convention that exp x means e^. Then from the thermodynamical relationships, equa- 
tion (53) can be written: 

( 55 ) k ' = CT exp - A F Vet = CT exp - A hVeT exp A S Ve 

= CT exp -AeVeT exp - pAvVet exp A sVe 

Consider an enzyme reaction with specific rate of reaction, k^ , under control of an 
enzyme (En) acting on substrate (X): 

( 56 ) k^ = k (kT/h) K^(En) (X) = CT (En) (X) exp A hVet exp A sVe 

= CT (En) (X) exp - A eVeT exp - PAvV FT exp AsVe 

The native active enzyme is considered to be In reversible thermal equilibrium with a de- 
natured inactive form: 
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(57) En ». Ed with equilibrium constant = exp-AH-i/ST exp ASi/e. If 

Eo is total enzyme equal to En Ed, then it is readily shovm that 

(58) En = Eo/d+K, ) = -4^ ^ 

1 + exp-A%/RT exp AS,/ E 


Eo 

1 + exp - aEi/ET exp - PAVi/ET exp A Si/R 


In which t-he suhscriph 1 refers ho the thermodynamic constants of the e<iuilihriuiii (57)» 

If the rate of reaction is represented by I then 

(59) Ii = sk'(En) (X) = (^) (X) 

1 + Ki 

3k .(kT/h) (X) (Eo) exp - A HT/E T exp A St/ji 

1 exp - A Hi/eT exp A Si/e 

111 (59) ^ is merely a proportionality constant to take care of the units used in the mea- 
sure^ntSj k/h is a constant; Eo and (X) are assumed to be essentially constant as is 
ASvE so that equation (59) can be written with all these as one constant, c', 

c ' T exp - A H^/ BT 

1 + exp - A E-^/ ET exp A S^/ E 

c’T exp - A E#^/ET exp - PAVZ/ET 

1 + exp - AEi/BT exp - PAVi/BT exp A S^/E 


(60) 

(61) 


Effect of temperature 

Equations (6o) and (6l) are the fundamental ones that describe how the rate of an 
enzyme reaction changes with temperature and pressure. Before Illustrating their use, the 
method of calculating the constants must be considered. As the pressure is usually con* 
stant in most enzymatic reactions, equation (6o) is the preferred form. The constants in 
this equation are estimated from the curve formed when the log rate of reaction is plotted 
against, the reciprocal of the absolute temperature. As is Illustrated in Figure 6 it is 
usually convenient to plot the log of the relative rate of reaction (optimum equal’to lOO) 
against I/T. A H^, taken equal to the value of the Arrhenius equation discussed on 
page 18, is obtained by multiplying by 4.6 the slope of the line that best fits the ex- 
periment points from the low points to those where it deviates in approaching the optimum. 
AE^ is more difflcxilt to establish but can be estimated by adding, disregarding the signs 
the value of AH+-to that obtained when the decreasing slope in the region between 20-40^ ’ 
of the maximum rate is multiplied by 4.6 calories. A more nearly correct figure for A tt, 
may be arrived at by calculating the entire curve using figures slightly higher and lower 
than the one first estimated to see which best fits all the experimental points. The 
theory presxunes that the enzyme-catalyzed reaction obeys the Arrhenius equation over the 
entire temperature range (see Figure 6) and that denaturatlon interferes to an extent suf- 
ficient to yield a positive slope at higher temperatures. When A H # and AH are deter- 
mined, A is calculated from ^ 

(62) = exp - A Hi/ET exp A Sj^/b 

taking advantage of the fact that at the optimum temperature (I = 100) 

, A H ? 600 , 

' ^ ^Imax ~ X'hT - A - 600 (Koffler, Johnson, and Wilson, 1947) 




Once A Sj In known, cnn bo calouloV -i 
the oatj'meitofJ valuoa of A A Hi tv ; 

Ex/implo 1 , 


From tho aiop»=)ri of th« 0.0 I : in 

^nrJ A y^j,0()0 caLor’nri. Tho optlx^uT. 

aordJ fi^Iy , 


- : % A H f :<i 



Imnx 


, 400 » 

:y6,0<'X) - l^,i.00 - 600 ' 





-g. ^ 


L * 


I. 



Thorof’oro from (6^) oxp - i . /^V,' . ajp (<»*■'. /I'XV '• i',' ) ' 

oxp A .■.^/;.' . oip ( 1 * 1 *,, ./ r A .’.j 

In o'junbion (AO), 


( p A3 

^ *> 




100 


o 


I 


o' ?10 axp - ( 1 UCK v' ' 1 

1 ♦ «xp (-l*^^,orx)/5io) 0*1 '. ' 

^10 c’ oxp -:'1.6l 510 c' azp -21.' . 

1 *■ oxp -1.77 ■ 1 •• 0.1705 


117.05 exp 3i.(.»l 

510 


0.5775 axp ?1.6l. 




0.5775 T »xp 21.61 gap (-6^700/T) 
1 *■ exp (I 55 . 07 ) »xp (-i*8,000/T) 


^ITOtt V^.J) CIl 



In FlHuro 6 1 ti cono true ted. 





0.0031 0 0(K12 0.0(Vt3 0.0034 

Recipnx'al of the absolute tetii(>eretyre 



I at I oil 4 rut# 

of R444e4lAaJI kiAl^MkA 

Joliii«&«i .po 4 tt I » m^9 i « t ' 

Th# lt»#p ttr» 4rt«o fraoi »f’«p 

t i on • !'.('» pnj • ^ 4 ' •• in #4 I « f % # 

toil . 


% 


Typical valuci^* of AHt. A and A v>, for varl 0 nijmkX.\^ 
marlrod In Table 1. The cited referoncoii iPhouli bo f:*r 

in terma of the specific prooeaeee under 1 nreet l^t 1 on. In «r«A#r 
lar data for protelw other than eneyve^p ^^rlngr end Stern, 
with the Tieva of ectlTation e:.d ieoeturmtlon required ly the prr> 


eee la berterle ere 
Interpreter: a ;'f theee 

I , thef i^ree el th el et * 
eod ttee ere *r3eel eteed 



THEORY AND KINETICS ^3 

TABLE I 


Typical values for heats of activation and 
for heats and entropy of denaturation 


1 — ■ 

Process 

A H + 

kg-cal 

A Hi 

kg- cal 

' A Si 

e . u . 

Reference 

Luminescence 





Vibrio phosphors scans 

28 . 

91-2 

500 

Johnson, llyring and 

Photobacterium phosphoreum 

15.6 

71.0 

239 

Williams, 1942 

Achromobacter Harvey i 

27.0 

69. 6 

228 


A. Fischeri 

5I+.8 

83.8 

279 


Growth - E. coli 

15.6 

150.0 

476 

Johnson and Lewin, 1946 

Dehydrogenation - Rhizobium 





trifolii 

13.6 

126.0 

4 oo 

Koffler, Johnson and 

Respiration - R. trifolii 

13.4 

96.0 

306 

Wilson, 1947 


Action of an inhibitor 

— • — I 

The usefulness of the theory of absolute reaction rate as summarized in equations 
( 6 c) and (6l) has been greatly Increased by extension to include the activity of inhibitors 
The necessary equations for the extension can be derived as follows (Johnson, Evrin^t and 
Williams, 19 ^ 2 ): 

Let the following scheme represent the combination of r molecules of inhibitor Y with 
the native enzyme, En, and/or s molecules with the denatured enzyme, Ed: 


rY + En 

i 


K 


1 


En-Yr 


Ed -I- rY 
K 

Ed-Ys + (r - s) Y 


Eo = En + Ed + En-Yr + Ed-Ys and the equilibrium constants of the various reactions 

are : 

% = (Ed)/(En) Kg = ( En-Yr) /(En)(Y^) 

Kj = ( Ed-Ys/ ( Ed )(Y®) and = ( Ed-Ys )/(En)(Y3) 

From tiiese equations Eo = (En) + (En)K2^ *■ (En)(Y^) K^ + (En) (Y*^) 

and En = Eo/(l + Ki + K^ Y’’ + K^K, Y®) 

If the velocity in the presence of inhibitor is I2, then 

T - (Eo) (X) 

'■ > ^ - l+Kl■^I^Y^■t• K1K5 Y® 


From this general equation of inhibition, three types have been differentiated: 

'lype I : The inhibitor combines indiscriminately vlth both native jand 

denatured enzyme : ^ ^ £ = £ 

Equation ( 64 ) then reduces to 

( 65 ) Ig = sk'(Eo)(X) / (1 + %)(1 + I^Y^) 
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Dividing equation (59) by (65) leads to 


( 66 ) ^1/ ^2 = 1 KpY^ = !••-( exp 


A H2/ET)(exp A Sp/R)( Y^) 


- 1 + (exp - A EU/ET)(exp - P 



exp A S, 



Y^) 


(67) log (I1/I2 - 1) = 



5 BT A S2/2.5B + r log Y 


AE2/2.5 BT - PAV2/2.3 ET + A So/2.3 B i- r 



P , ■cue 



iquation (.o?) shows that if log - 1 ) ±3 plotted successively against 

01 the resulting lines will determine A r and A Vo* 

e_I^. Tha inhibitor c ombi ne s only with the denatured form of the 

enzyme : ^ = 0. 



, log Y and 



ince now En = Eo/(l + Kj + Y®) 


( 63 ) Ip = sk ' ( Eo ) ( X) / (1 + K 


1 



Y 3 ) 


(69) 


I1/I2 = (1 + Y ®)/(1 + K^) = 1 + 



yV{1 + K, ) 


(70) 1^/j^ - 1 = 


K1K5 


1 + K 


1 


Y^ = Kj yV(1 + 



1 


) 


(71) (I1/I2 - 1){1 + l/%) = K^Y^ = (exp - A Hj/BT)(exp ASj/b)(Y®) 

(72) log (I1/I2 - 1)(1 + l/%) = -AHj/2.3 ET + AS5/2.3 E + s log Y 

= - A Ej/2.3 BT - PAVj/2.3 BT + AS,/ 2.3 B + a log Y 

Analogous to type I, if log (I1/I2 ~ 1)(1 i/K]_) is plotted against i/t, log Y and P, the 

slopes of the resulting straight lines estimate A Hj, 3 and AV5. From ( 70 ) it is evident 

also that just as in lype I, if log (Ijl/I2 ■ 1 ) is plotted against log Y the slope is s, 

the number of molecules combining with inhibitor. The intercept, however, is not simply 
the log of the dissociation constant as in Type I but is log KjK^/il + Kj^). 

‘lype III; The inhihi'bor combines only with native en zy me : IC = 0. 

Although the final equation for this type of inhibition is slightly different^ it cannot 
be distinguished from Type II on the basis of kinetic data (McElroy, 19^5; 1947 ). 


The inhibition of respiration in Bhi zobium tri folii by urethan is evidently lyp© II 
as is Indicated by the linearity of the points’ when log (I]_/l2 - 1)(1 '*■ i/Kt ) is plotted 
against l/T (Figure 7 )* From the slopes of the lines in the figure ^ Hz is estimated as 
-85 y 000 cal. The number of molecule combining with the enzyme Increases from I.5 to 
5-9 ss the temperature increases from 18 ^ to 40 ^ C. (Figure 8 ). This is Interpreted that, 
as the enzyme is denatured, bonds open with which urethan combines. Assuming an average 
value of 2.25 will not cause serious error in the estimate of but will markedly in- 

fluence the course of the curves calculated for various concentrations of urethan ( solid 
lines in Figure 6 ). 
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Figure 7 

Inhibition by urethan of oxygen uptake 
by R. tri folii plotted according to equa- 
tion (72) with 1/T as the independent vari- 
able 


F i gu r e 6 

Inhibition of oxygen uptake of 
R* tri folii as function of urethan 
concentration. Plotted according 
to equation ( 70) . 


Example 2 . 


At 27*^ C. (T = 500) and at a urethan concentration of 0.2 M it was experimentally 
determined that (I1/I2 - 1) = O.U55. From Example 1 it was known that K, = exp( -96,000/ 
600 )exp( 306. 14/2)== exp -6.93. Since = exp - 3-62, then (1 *■ I/Ki)(Ii/I 3 - 1) = 

(1 ^ exp 6.93)(0.455) = (1 - 1023)(0.455) ^ ^ 

= 466 = ex;p 6.15 


From equation (71) exp 6.15 = exp (85,000/600) exp (AS5/2) exp (- 3-62) 

exp A S,/2 = exp - 131.9 A = - 263.8 e. u. 


Substituting in ( 69 ) 


(69') I2 = 




exp (-48,000 /t) exp (155.07) exp (42,500 /t) exp (-I51.9) 1^*25 
1 exp (-48,000 /t) exp (155.07) 


exp (-5,500 T) exp 21.17 

1 + 

1 exp (-48,000 /t) exp 153.07 

From equation (69') the solid lines in Figure 6 corresponding to different concentrations 
of urethan (U) can he calculated. 
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Typical values Tor these thermodynamic 
Table 2. 


constants of inhibition are summarized in 


TABLE II 


Heats of reaction and entropy changes for 
inhibi t ion of bacterial processes 



Apparently, inhibitors generally classified as "competitive” are of Type I vith - AEd about 
15-20 kg- cal. and -AS 2 around 50 e. u. , and frequently, but not always, r equal to 1 or 2. 

Non-competitive inhibitors appear to be Type II with a considerable higher heat of reac- 
tion ^d increase in entropy; s may vary continuously with temperature. Additional inves- 
tigations of various processes and inhibitors are needed to verify these generalizations. 

Pressure 


The validity of the application of the physical- chemical theory based primarily on 
thermodynamical considerations receives considerable support from the results dealing with 
the effect of pressure on the rate of reaction. The other mechanisms neglect the influence 
of pressure, and experimentally it has been disregarded by making the studies at a constant 
pressure of one atmosphere. Equations ( 6 I, 67 , and 73) predict tliat a change in pressure 
will alter the effect of both temperature and inhibitors. ^ ingenious tecliniques that 
allowed the study of reactions \mder pressures up to 7,000 Ibs./sq. in. the Princeton 
group of workers has verified this prediction (Brown, Johnson, Marsland, 1942; Johnson, 
Brown and Marsland, 1942a; Johnson, lyring and Williams, 1942; Johnson and Lewin, 1946). 

The interpretation of the influence of pressure in terms of the proposed mechanism is that 
both activation and denaturation of the native enzyme molecule lead to an Increase in vol- 
ume. At low temperatures where the En + X ^ ^ En-X equilibrium’ dominates, pressure 
will decrease the rate of reaction by restraining the formation of the activated complex. 

At higher temperatures this restraint still obtains but is overshadowed by the influence 
of the En ^ Ed equilibrium. Here, pressure furthers the formation of En, thus pro- 

viding more enzyme for activation with a consequent increase in the rate of reaction (see 
Figure 9) • 

As is illustrated in Figure 10, application of pressure will likewise overcome in 
part the effect of certain inhibitors, and a similar explanation is offered. Support for 
the Interpretation and thus Indirectly for the entire theory and its attendant mecheualsms 
is given by the study of the effect of pressure and temperature on enzymic and other pro- 
teins (lyring and Steam, 19395 Steam and lyrlng, 1941; Johnson and Campbell, 1946; 

Johnson and Wright, 1946; lyrlng, Johnson and Gensler, 1946). 

The value of A can be estimated from the slope of line obtained by plotting log 
It against P (see equation 61 ); A is somewhat more difficult to estimate, but by appli- 
cation of certain corrections this can be obtained as well. Brown, Johnson and Marsland 
( 1942 ) report A for luminescence to be about 58 cc per mole at 0^ C. and 
per mole at 35^ C. These figures are in reasonable agreement with those of lyring and 
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Figure 9 

Relation between temperature and lumines* 
cence at 1 and 476 atm. pressure. The extra- 
polated broken line represents luminescence 
when corrected for reversible denaturation 
(Johnson, Brown and Marsland, 1942). 
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. 76M 

. 5M 


, 004M 


.0064M 
0 .0 1M 

. 0038M 


. t4M 
. 0 t6M 


Figure 10 

Effect of pressure at 17-18^ C. on luminescence by 
P- phosphoreum in presence of various inhibitors. Inhibi- 
tions not sensitive to pressures are in dotted lines (John- 
son, Brown and Marsland, 1942a). 

Magee (1942) who used a somewhat different method for their estimation, one that provided 
a correction for changes in A V with temperature. In the presence of inhibitors the proper 
method of plotting is log against P; Johnson and Schneyer (1944) found as a 

first approximation 20 cc per mole for the combination with quinine of the enzyme control- 
ling luminescence in P. phosphoreum . The interpretation of these findings is that not only 
activation and denaturation but also. combination with inhibitor increase the volume of the 
protein molecule of the enzyme. 
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11 catl ons of the theory 








^ 9 ^ 








^ ^ ^ A. 



z^.n,,- noteworthy and interesting inferences made regarding specific details of 
-zynstic reactions based on application of the theory of absolute reaction rate 
e. lated only through study of the individual applications listed in the refer- 
cei.e^l dj.scu3sions of the Implications are given in the papers of Steam 

Johnson,^ 5^ Stehlay and others (1945), I^jrsselherghe (1944) 

: ^and Mci^lroy (194?). Steam (I 958 ) siiggests possible mechanisms baLd on 
a dipole (or a charge on a large enzyme) to the reacting molecules with a 
cnange in configuration and consequently in the energy of activation. The auan- 
. a. _ve aspects of the change will depend on the various configurations that may be as- 
s-offied. -.rcugh construction of specific energy curves, he demonstrates that a significant 
overir^ c.. the energy of activation can occur and believes that such mechanisms are more 
pmbaole tnan those ^previous suggested based on loosening of bonds by distortion. Three 
other conclusior^ of Steam^s are of general significance for the theory: 


.1 .-.coivation in the absence of enzyme is accompanied by a very small loss in en- 
tropy,^but this loss is quite appreciable for enzyme-catalyzed reactions. Steam 
suggests that this would be expected if an enzyme- substrate compound is formed. 

^ uniting with the substrate the enzyme decreases the entropy of the system and 
this loss tends to defeat its catalytic function. That is, the enzyme is ''self- 
interfering in that it loses "randomness". Any catalytic activity must be in 
excess 01 that necessary to offset the loss in entropy of the system. In the 

acid inversion of sucrose, for example, A H is about 26,000 cal. and k is approxi- 

mately 10“::>. With invertaseA H is 8,^00 cal., so if the only effect of the 
enzyme is to decrease the activation energy, a k value of over 10 million for the 

enzyme -catalyzed reaction would be expected. Actually it is only 10’5 to lO"^. 

-"‘-PP^rsntlj^ , the catalysis due to lowering of the activation energy is overcome by 
a decrease in AS of 5 O -60 cal. /deg. /mole in comparison with no loss of entropy 
in the acid-catalyzed inversion. 


(2) Unlike Medwedew, Steam does not reject the idea of union of enzyme and substrate, 
oueam (I 95 S) states, This does not mean that such union is unnecessary for 
catalytic action by means of enzymes but merely that the effect of the enzyme on 
the activation energy must be sufficient to overcome this loss in entropy with 
soma to spare for net catalytic effect." 

( 5 ) dn spite of the criticisms leveled at the Michaelis constant calculated in the 
usual way, it may possess real thermodynamic significance for the reaction. 

Yalues of unity to over 1000 have been reported for the affinity constants of 
enzyme and substrate (the affinity constant is the reciprocal of the Michaelis 
constant). Such values correspond to a free energy decrease of 0 to -4000 cal. 

The question is: are such values consistent with other knowledge concerned with 
the thermodynamics of enzyme reactions? From the calculations of A S for a large 
number of enzyme reactions, it appeared that the loss in entropy would be 30 
units or more: A H for these reactions ranged from -4000 to -13,450 cal. Ac- 

r -4000 

cordingly, at 27^ C., AF = AH - TA 3 = \ to + (300) ( 30 ) = -4500 to zero 

[- 15,450 up 

cal. This roii^ approximation indicates that the observed values of the Michaelis 
constant are fairly consistent with the "quasi -thermodynamics" of enzyme reac- 
tions. 


CALCULATION OF THE ABSOLUTE RATE OF REACTION 

As indicated in the preceding section, a major objective of chemical kinetics is to 
provide siii table methods for the calculation of the absolute rate of a reaction from the 
physical- chemical properties of the system. This section will discuss some of the efforts 
to achieve this goal based on two of the proposed enzyme mechanisms. 
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COLLISION THEORY 

Moelwyn- Hughes (1935) employed the data of Nelson and Vosbiirg (1917) on the hydro- 
lysis of sucrose hy a crude preparation of saccharase for a typical calculation based on 
the unmodified collision theory ( Hinshelwood' a corrections neglected). The details are: 

Concentration of sucrose - 5.0/100 ml. 


Concentration of crude saccharase - O.06 g/lOO ml. From its activity it was estimated 
that this preparation contained 2.5 x 10 5 grams of pure saccharase per 100 ml. Diffusion 
experiments indicated that saccharase had a molecular weight of about 50*000. 

The number of collisions between substrate and enzyme is estimated from the gas col- 
lision formula: 


(74) Z = ning — ^ ^ 


Stt ft 




1 

2 



nuinber of molecules of sucrose per ml.^ 8.86 x 10^9 
number of molecules of saccharase per ml._, 3.03 x 10^ 
diameter of sucrose molecule 9.0 x 10*® cm, 
diameter of saccharase molecule 5.5 x 10“^ cm, 

8.31 X 10 f ergs, per degree 
310° K. 

3^2 

50,000 


Substituting these values in equation (74), 1.21 x 10^^ 
The effective collisions are given by multiplying Z by e 


per ml. per sec. is obtained for Z. 
V E has been estimated as 


8,700 cal. . hen^e^^t^e fraction of the collisions in which the energy is greater than 


8,700 cal. is e 


2 X 310 Qp ^ 10“'^. 

^ * 


This figure multiplied by Z gives 8.47 x 10^^ 
as the total number of activating collisions. The observed value of k is 2.1 x 10"^ 
sec.; this means that the number of molecules decomposing per ml. per sec. is 


per 


0.05 X (6.06 X 10^5) 

342 


X ( 2.1 X 10“^) = 1;86 X 10^^. 


Comparison of the observed with the calculated value indicates that of each 46 "theo- 
retical" activating collisions, on the average only one is effective in promoting decompo- 
sition. The apparent reason for this low efficiency is that not all of the surface of the 
enzyme molecule is catalytically active. If the reasonable assumption is made that the 

probability of a sucrose molecule hitting an "active" center is equal to or 1/37, 


the agreement is most satisfactory. 


O2 


Although Moelwyn- Hughe 3 (1957) prefers the chain reaction mechanism for the decomposi- 
tion of hydrogen peroxide by catalase, he demonstrates in the following calculation that 

the observed rate of reaction can be satisfactorily accounted for on a purely colli si onal 
basis. 

If the enzyme is regarded as a "wall", the number of 20^2 “molecules- striking an area 
A, is equal to ^ 


where ng - molecules of substrate of radius, r = 3 x 10"® 
n^ - molecules of enzyme 

k - Boltzmann gas constant 

mg - weight of one molecule of ^0^ 34/(6. 06 x 10^5) 


A ng «]cT/2ir mg 


cm. 


so 
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The surface of the enzyme p er ml. Is TT ^nd the total number of collisions per 

sec. will be n^ng ^ ^ kv/ 2 TT nig . 

the enzyme on an active spot may be taken as: 


The probability that a substrate molecule vill hit 


P = 


TT 

krfj^ 

5 


3 

4 ^ 


Assuming that each activating collision is effective 


the rate of reaction will be - 


dn 


s 


dt 




r^ ^ •'Ti kT/ 2 m 


^3 "E/et. The average of two 


independent closely agreeing values for E is 4^240 cal- : hence^ the velocity constant is 


k’ = - 


dn 


s 


1 


dt 


n 


s^ 


= r 


^TT 


kT 


2m 


-k2W5k6 


s 


= 12.7 X 10”^5 cc . /molecule/ 


sec. As the observed value for k’ is 9 x lO'^^ cc. /molecule/sec. , the collision hypothesis 
will explain the rate of decomposition. 


ACTIVATED COMPLEX THEORY 

Since this statistical mechanical theory gives the proper equilibrium constant (K^) 
it* should yield equally good values for reaction velocities for both the forward and re- 
verse reactions. Data for test of the ability of the theory to predict both reaction 
velocities are available for the heat inactivation of trypsin. The calculations of Steam 
( 1958 ) are : 


(a) Considering first the forward reaction, 


Trypsin 


Inactivated trypsin 


k’ =2.85 X 10’5 at 50° C. 

E = 40,800 cal. (Pace, 1950 ) 


The "E value" is the Arrhenius activation energy determined in the usual way. 

^ H A is calculated from = EV -RT = 40,800 - ( 2 ) ( 525 ) = 4 o, I60 cal. 


ki S "4 is determined from equation ( 55 ) : 


2.85 X io "5 = qAsVi^ q_ahv/et 


(1.57 X 10 '^^) (525) 

(g .55 X 1027 ) '^'^ 


2.5 log (2.85 X 10 " 5 ) = AS^/e - 62.55 2.5 log (6.76 X 10 ^) 

- A S ^ = 2 (10.45 - 62.55 + 29.55) = 44,7 cal. /deg. /mole 


(b) Now considering the equilibrium reaction. 


Active trypsin ^ Inactive trypsin 


Imctive ^ o c. 

V Active / 


A H = 


67,600 cal. (Anson and 

Mirsky, 1934 ) 


Since - A F = BT In K 

= ( 646 ) In 7-2 = 1269 cal. /mole 

And A F = A H - TAS 

67,600 1269 


AS 


323 


215-1 cal -/degree/ mole. 
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Taken together, the data from reactions (a) and (h) appear to he irreconc liable since 
the reverse reaction, Inactive trypsin active trypsin, has a heat of reaction equal 

to, ^ 0,160 7, 00 - 27 , 0 cal, A negative heat of reaction would predict an enormous 

reactive velocity, whereas the actual velocity Is only I/ 7.2 times that of the forward re- 
action which has a positive heat of reaction of ahout 40,000 cal. The circumstance which 
acts as a hrahe on the velocity of the reverse reaction Is the extremely high loss In en- 
tropy ec^ual to, 44.7 " 213*1 = - 168.4 cal. /deg. /mole. The velocity of the reverse reac- 
tion can he calculated from equation (55): 


k. = Q-l.^.h/2 ^2ihho/6ke (1.37 X 10 - 16 ) ( 32 ^) g 

6.55 X 10-27 = ^*5 ^ 

The 'observed value for h for the reverse reaction .calculated from K and the h' of the 
forward reaction Is (2.83 x 10 " 5 ) / 7.2 = 3.9 x 10 “^. ~ “ 

MISCELLANEOUS 

Wilson and Burris (1947) calculated an absolute rate of reaction based on collision 
theory for the fixation of molecular nitrogen by Azotobacter vine land! 1 . Studies of In- 
hibition by physostigmine of the hydrolysis of choline esters by the esterase, enabled 
Esson and Stedman (I 936 ) and Straus and G-oldsteln (1943) to estimate "turnover numbers," 
which are ess-entially estimates of the absolute rates of reaction. Other turaover numbers 
for various enzymatic reactions are discussed by G-reen (194o) and Sumner and Somers (I 943 ). 


ADDENDUM: THE EFFECT OF pH ON ENZYMES 

by Marvin J. Johnson 

Enzyme action may be affected by pH in two ways, since both the stability and the 
activity of the enzyme are functions of pH. The effect of pH on enzyme stability will be 
considered first. Most, If not all, enzymes undergo irreversible denaturatlon in very 
acid and very alkaline solutions. The pH values at which this occurs vary with the enzyme. 
Pepsin is very rapidly inactivated at pH 8, while the pH of maximum stability of yeast 
polypeptidase is 9* ^ the majority of pH-activlty curves published for enzymes, no differ 

entiation is made between enzyme stability and enzyme activity, and it is certain that in 
many cases the factor limiting the activity at acid or alkaline pH values is enzyme destruc 
tion. If it is assumed that the neutral form of the enzyme is stable, that the acid and 
alkaline forms are unstable, that only one dissociation constant is involved, and that the 
half-life of the unstable form is small compared to the time of incubation, it may be 
shown that the pH-stability curve will be that of Figure 11. Variation in incubation time 
will not change the shape of the curve, but its position will change by one pH unit for 
eveiy 10-fold increase in incubation time. This is illustrated in Figure 11. For alkaline 
inactivation, the ctirve is the mirror image of that for acid inactivation. Many enzymes 
follow this cia^e, but in many other cases, the process is more complex. An excellent 
example of complex pH behavior has been given by Kunltz and Northrop (1934). Figure 12, 
from their paper, gives data on the pH- stability characteristics of crystalline trypsin. 
Below pH 2, irreversible destruction occurs. At intermediate pH values, the active enzyme 
is in equilibrium with an inactive form which is hydrolyzed by the active enzyme. The 
rate of this reaction increases with pH, becoming very rapid in alkaline solution, where 
trypsin is most active. Between pH 12 and pH 13, however, the percentage of the total 
trypsin present as inactive form (substrate) is large, and the percentage present as active 
form (enzyme) is very small, hence the rate of inactivation decreases with increasing pH 
in this range. Above pH 13, irreversible aUcaline inactivation occurs. 

In the case of other enzymes, the pH stability behavior may be complicated by the 
presence of other enzymes wbl nh destroy the enzyme under study. The effects of pH on the 
stability and activity of the destroying enzyni© then become of importance. 


52 


RESPIRATORY ENZYMES 




Figure 11 

Hypothetical pH-stability curves for an enzyme unstable in both acid 
and alkaline solution. Curve B is for ten times the incubation time of 
curve A. 


Percent 
activity left 
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40 - 


20 
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F i gu re 12 

Effect of pH on stability of crystalline 
trypsin. (Kunitz and Northrop^ 1934). 
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Figure 13 

Hypothetical pH-activity curves for an enzyme limited at acid pH values by 
ionic form of the substrate^ and at alkaline pH values by the ionic form of the 
enzyme* Xhe enzyme xs assumed to have a pK of 9. 0 in all cases * 

Curve A: Substrate pK = 4; = 0.001 

Curve B: Substrate pK = 4; Kg = 1.0 
Curve C: Substrate pK = 11; Kg = 0.001 


The effect of pH on enzyme activity (as distinguished from enzyme stability) may be 
occasioned by the effect of pH on the enzyme itself^ on the substrate^ or on activators or 
coenzymes. For illustration of the effect of pH on the enzyme itself, let us consider the 
simple case of an enzyme having an acidic dissociation constant (pF^ = x) . If only the 
salt form of the enzyme is catalytically active, half-maximal activity will occur pH = x. 
The pH-activity curve will have the shape of the acidic arm of the curve of Figure IJA or 
I 5 B. This is the regular curve obtained by plotting per cent neutralization of any weak 

acid against pH. 

The reversible combination of enzyme and substrate may be affected by pH independently 
of the reversible decomposition of the enzyme-substi^ate complex into product and enzyme 
(Van Slyke and Zacharias, 191^) • Its ability to combine with coenzyme may also be affected 
by pH. Therefore, the "inactive form" of the enzyme, in the sense of the previous para- 
graph, may be inactive because of the loss of any one of a number of its properties. If 
effect of pH is on the velocity of combination with substrate, the apparent Kg will change 
with pH. Another manner in which pH may affect the activity of an enzyme is by its effect 
on the ec^ui librium between active enzyme and reversibly denatured enzyme* As was mentioned 
above, the etiui librium between trypsin euid reversibly denatured tiypsin is a function of 
pH, the pH at which half of the enzyme is in the denatured form being approximately 11 . 3 

(Kunltz and Northrop, 195^)* 

Coenzymes and activators may, of course, be destroyed at extreme pH values, such de- 
stiTuction being observed as apparent enzyme destruction. If the coenzyme has a dissocia- 
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tlon constant, md only one form la catalytlcally active, one arm of the pH activity eurr* 
w 1 have the shape of Figure IJA or 15B, If coenzyme concentration la llmitirw. Caaea 

which the solubility of an activator la the determlnlrtfr factor In'^anzvM 
dH activated by magnesiuir., decreases abiriptly In activity alova 

tion of the activator as the hydroxide. ' 


Enzymes acting on a substrate with acidic or basic properties unua 
form of the substrate. If substrate concentration limits the reaction 
activity curve will again have the form of Figure IJA and I5B. It can 

shape of the curve will be Independent of K^. Its position, will howev 
changes in substrate concentration or K„. 

o 



act on onl/ on® 
iocltj, the pH- 
shown that the 
, be changed with 


.4.. ; — iiao u«oii aBsumoa i:4naT:, enzyme activity la determlnei 
as Initial velocity of the reaction. If amount of reaction (for example, per cent hydro- 
lysis) Is taken as a measure of activity, the shape of the pH-actlvlty curve will depend 
on the time of reaction. For example, since no more than 100 per cent conversion of the 
substrate Is possible, a pH-actIvlty experiment In which more than 90 per cent conversion 
Is obtained at the optimum pH Is likely to yield a fictitious plateau in the region of the 
pH optimum. In cases where the course of the reaction Is first order at some pH values 

and zero order at others, the assumption that activity is proportional to aajount of reac- 
tion at all pH values Is obviously unjustified. •>'>'*' ’'O or reac 


In the case of an actual enzyme, the observed pH-activlty curve will be the resultant 
of the operation of an unknown number of the factors mentioned above. Mary of the actual 
factors Involved may, however, be determined. Effects due to a dissociation ccnatant of 
the substrate may be detected most readily, since such dissociation constants are usually 
known. Effects on velocity of combination with substrates are reflected Iri a rise ^P* 
parent Kg. If the factor limiting enzyme activity at high pH values comes into operatl o- 
at pH values greatly above the pH value In the acid region at which maximal activity la 
reached, the pH-actIvlty curve will exhibit a plateau. If, however, limitation of the 
activity on the alkaline side occurs at a lower pH, a sharp pH optimum will result. 


An example of the application of some of the above conslderatlon.s to one acti»l case 
may be given. Data on the effect of pH on the hydrolysis of trlglyclne by Intestinal 
ami nopolypeptidase has been given by Johnson, Johnson and Peterson ( 195 ti. In the flret 
two columns of Table 5 , their data on the effect of pH on per cent hydrolysis of the sub* 


strate are reproduced. Since the reaction la first order (iC large compared to substrate 
concentration), a figure proportional to Initial velocity may bo obtained by calculating 

log I r • Thla figure, given in the third column of Table 5 , is proportional to the 


a - X 


product of the active enzyme concentration and the active substrate concent mtlonp ex- 
pressed in arbitrary units. Since this enzyme hydrolyzes peptides at pH values where only 


TABLE III 

Aminopolypept idase pH Relations 







E 1 S 


Per cent 

log 1— f 

Frsctioa sctiTs 


S 

sc t 1 YS 

pH 

hydrolysis 

(= E X S) 

substrate {• S) 


en tyee ) 

6.28 

8 

0 . 0?7 

0.902 



7.07 

52 

0.168 

0.095 



7.67 

58 

0.577 

0.680 1 


3 . ' 3 

8.16 

65 

0.1*52 

0.410 1 

0.201 i 

1 C C 

8.60 

45 

0.260 

u. . tJ 

9.05 

21 

0.105 

0.082 ! 



10.55 

1 

O.OOl* 

0.005 

1 
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very small concentrations of* peptide anion are present, it is reasonable to assume that it 
attacks the zwitterion form of the substrate* The pK^ of triglycine is very close to 8.0. 
The fraction of the total substrate in available form is therefore readily calculated, and 
is given in column h. Since the figures in column 5 are proportional to substrate times 
enzyme, and in column h to substrate, their quotient should give the concentration of 
availabl© enzyme at various pH values. This quotient is tabulated in column 5* A plot of 
the data of column 5 Is shown in Figure l4, curve A. The points are those of the table, 
and the solid line is the theoretical line for a substance of pK = 8-0. A good fit was 
obtained by assuming that the total enzyme concentration was 1.77^ expressed in the arbi- 
trary units of column 5* It will be noted that the points at pH 8.6, and pH 9-05'fs-ll 


Percent of maximum activity 




Figure 14 

pH Relationships for intes- 
tinal aminopolypeptidase. 

Curve A: The points are the ob- 
served concentrations 
of active enzyme as cal- 
culated in Table 1, the 
solid line is the theo- 
retical curve for a sub- 
stance of pK 8. 

Curve B: The points are observed 

enzyme activities, the 
solid line represents 
activity as calculated 
on the assumptions 
given in the text. 


low the theoretical, possibly because of enzyme Inactivation, which was not controlled. 

The solid line of curve B, Figure lU is a theoretical curve for reaction velocity based on 
the following -assumptions : 

1. Only the zwitterion form of the substrate is attacked. 

2. The enzyme has a dissociation constant of 10"^, only the acidic form being active. 

3. The total enzyme concentration is 1-77 arbitrary units. 

The points on the curve are the observed activities, from column 5- It will be noted 
that the agreement is good, indicating that the assumptions made are consistent with the 
observed behavior of the enzyme. 
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THE HYDROGEN ELECTRODE 


An inert metallic electrode^ like all other pieces of metal^ contains ''free'* elec- 
trons, that is, electrons capable of moving freely within the metal. A concerted movement 
of such electrons in one direction constitutes an electric current. An electric potential 
may he crudely described as an electron pressure tending to cause electron movement. 

If an inert metallic electrode (by ’'inert'* is meant chemically inert under the condi- 
tions of the experiment; noble metals are generally used) is immersed in an aq.ueou3 solu- 
tion, electrons may leave the electrode and enter the solution, or they may leave the solu- 
tion and enter the electrode. An aqueous solution does not contain free electrons in the 
sense that metals do. Therefore, electrons entering the solution from the electrode can 
do so only by combination with a component of the solution, and electrons entering the 
electrode from the solution must arise from decomposition of a component of the solution. 

A hydrogen ion, for example, can combine with an electron, becoming a hydrogen atom, or a 
hydrogen atom may decompose into an electron and a hydrogen ion. 

1/2 B 2 z — " e (1) 

K= 

'I (%) 


If an inert electrode is immersed in a solution containing both hydrogen Ipns and dis- 
solved hydrogen gas, and if an agent (platinum black, hydrogenase, or other catalyst) is 
present capable of activating the hydrogen, reaction (1) will take place until equilibrium 
is reached, that is, 'until electrons enter and leave the electrode at equal rates. If the 
hydrogen ion concentration of the solution is then increased, reaction (l) will be driven 
toward the left, and more electrons will leave the electrode, causing it to assume a more 
positive potential. If, on the other hand, the hydrogen pressure is increased, the reac- 
tion will be driven toward the right, and more electrons will enter the electrode, causing 
it to assTune a more negative potential. The potential of the electrode will, in either 
case, establish itself at a new value corresponding to the new equilibrium point of reac- 
tion (1). Obviously, therefore, the potential of the electrode is a function of the 

ratio oili. 

f(%r 


The potential existing between an electrode and the solution in which it is Immersed 
cannot be measured, since such a measurement could only be made by Inserting another elec- 
trode into the solution, which, of course, would only introduce another electrode poten- 
tial. We can, therefore, speak only of the difference in potential of two electrodes in 
the same solution. In the present sense, two different solutions connected by a salt 
bridge constitute a single solution. If we arbitrarily assign a value of zero to some 
specific electrode, we can refer the potentials of all other electrodes to it, and express 
their potentials numerically. The normal hydrogen electrode has been universally adopted 
as such a standard reference electrode. The normal hydrogen electrode consists of an inert 
metal electrode in a solution normal with respect to hydrogen ions (pH = 0), and in equi- 
librl-um with hydrogen gas at a pressure of one atmosphere. A hydrogen- activating catalyst 
must be present. Such an electrode has, by definition, a potential of zero at all tempera- 
tures . 

DERIVATION OF THE ELECTRODE EQUATION 

In order to understand the quantitative relationships connecting hydrogen pressure, 
hydrogen ion concentration, and electrical potential, let us consider a cell consisting of 
two hydrogen electrodes. A cell is composed of two electrodes (also often called "half- 
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^ D.inected bjr a conducting wire^ electrons will move through 
r:r vessel B t: vessel A, since in vessel A equation (1) will he driven 

th^i «n vessel because of* the higher hydrogen ion concentration 
nus nave, at electrode B the reaction 




1/2 % 




B uaiCing piace^ while at electrode A the reaction 


^ ^ ^ ^ will proceed. (Of course, In order to maintain the balance 

betyeen x>09ltlve and negative ions in each of the solutions, negative ions, e.g. , Cl“ ions, 
vi^l at the sane tine ndgrate throiigh the liquid bridge from vessel A to vessel B) . Thus ^ 
ve have effectively a transfer of ions from vessel A, where the concentration is 
high, to vessel B, where It is lowar, since every time a F*’ ion is destroyed In vessel A, 

one la created In vaas©! 3. This process will continue until the hydrogen ion concentra- 
tion in both vessels la the seuoe. 


If, Instead of connecting the two electrodes by means of a conductor, we connect them 
tj means of a device which will measure the tendency for electrons to flow without actually 

them to flov (an electrometer is such an Instrument) we will observe that elec- 
trode 3 naa a more negative potential than electrode A, since electrons will be entering 
electrode 3 and leavln^; electrode A. This potential difference between the two electrodes 
can net ^Tfly be measured, but it may be calculated, and moreover calculated values have 
been fo^-ind to check measured values. 

The calculation la based upon the fact that In dilute solutions, ions obey the gas 
lav 3 . -It la well known that the work necessary to compress a volixme of gas by a small 

'3 equal to the volume of the gas times Its small change in pressure. 
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Since, for one mole of gas PV = BT (where B is the molar gas constant) 



BT l/P dP 


W = BT In Pi/P 2 * 


Since ions obey the gas laws, the work done in transferring one mole of hydrogen ions from 
one concentration to another is 


W = BT In 



or, in the case of Figure 1 , the work done hy 1 mole of ions in "expanding" from vessel 
A to vessel B is 


W = BT In 


(h'^)b 
(h-)a • 


Since = 1, 


W = BT In 


If we wish to express the ahoye equation in electrical units, the work W must be expressed 
in Joules (volt coulombs). Since the number of coulombs corresponding to the transfer of 
1 mol. Of ions i, 96,500 (1 farmdoy (F) 1, 96,500 ooulo.to), thl work “SeapL- 

ing to the transfer of 1 mole of ions is EF, where F is the faraday and E is the potential 
in volts, between the two electrodes. Therefore . ^ 


EF = BT In (H+) 2 , or E = In (H^)^. 


That is, the potential of electrode B, when measured against electrode A, which has by 
definition zero potential, is equal to a known constant times the logarithm of the hydrogen 

in vessel B. Inserting numerical values for the known constants, assum- 
ing 50 C., and changing to common logarithms, we have 


E = 


„(E) 

8.515 


(T) (In 10) 
X 505.1 X 2.5026 


96,500 

(F) 


log (H'*')g 


E = 0.06 log (H^)g, or 
-E = 0.06 pH-g. 


That is, at 50 °, the negative potential of electrode B will be O.06 times its pH This re- 
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egstlre potential of an electrode at zero pH is equal, at 30° to 0.03 times the 
z^n3jr2.^eT^ preasure in equllibrliim with it. 


V 7 ^ ^ ^ 


e:j-ia ...or*3 {2; and ( 3 ?', wa arrive at an expression completely describing 

o electrode in any dilute aqueous solution whatever. 
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. “ , Is the f\jnda!i:er:tal electrode eq^uation. We can^ by its use^ determine 
hydrogen pressure, providing the other is knovm. Ely holding (B^) at some 
value, we are a ole to zLake potent! ometric pH determinations. Qn the other 
of* a solution Is known, vre can determine from the potential what the hydro 
the solution is. 


OXIDATION-KEDUCTION POTENTIALS 


the 


Let us consider a solution in which the hydrogen pressiire arises from a reaction in 
solution capable *of liberating hydrogen. An example of such a solution is one contain 


In th^ following presentation the relations governing oxidation- reduction potentials will 
be derived by expressing the reducing Intensity of a solution in terms of the pressure of 
hydrogen gas with which it would be in equilibrium. This formulation has been chosen as 
preferable for students in biochemistry for a number of reasons. Students are always able 
to fonailate reduction reactions In which hydrogen is the reductant, but are often con- 
fused ^en required to write chemical eq^latlons Involving the reduction of organic com- 
pounds by electrons. Moreover^ the concept of the liydrogen pressure in equilibrium with 
a system is iiiox*e easily grasped by students lacking adeqiiate electrochemical background 
than la the apparently more abstract concept of the "electron pressure" of the system. 

13 ie hydrogen formulation lends itself readily to a presentation of oxidation- reduction 
potentials In terms of the hydrogen electrode. Once the effect of a change in liydrogen 
preseuse on the hydrogen electrode is understood, all other oxidation- reduction electrodes 

e:q?licable as modified hydrogen electrodes in which the hydrogen pressure present 
is ti^ in equilibrium with the system. 
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ing formic acid (or formate ion) and liydrogenlyaae, which is an enzjme catalyzing the re- 
versihle decomposition of formic acid into carton dioxide and hydrogen. At pH values low 
enough that neither formic acid nor carbon dioxide are ionized^, the reaction is 

HCOOH " CC^ + ]^ 

In the solution, hydrogen gas will be liberated, and dissolve until its pressure 
reaches the point corresponding to the eqLuilibrium point of the reaction. An inert elec- 
trode immersed in the solution can be used to measure this hydrogen pressure. The measure- 
ment would consist merely of a determination of the potential and substitution of the poten- 
tial in equation (^). It should be emphasized that addition of a hydrogen- activating cata- 
lyst would not be necessary, since (1) the iiydrogen liberated by the reaction is active 
until it is transformed into molecular hydrogen, and (2) the hydrogenlyase system is cap- 
able of reducing carbon dioxide with molecular hydrogen, and hence capable of activating 
molecular hydrogen. 

Some organic compounds, such as methylene blue, will react with activated hydrogen 
without the intermediation of a dehydrogenase. Hydrogen, in the presence of a hydrogen- 
activating catalyst, will reduce methylene blue vigorously, even at extremely low hydrogen 
pressures. It is obvious, however, that the reaction 

MB + ^ " MBH^ 


has a definite equilibrium point, and that at sufficiently low hydrogen pressures, methy- 
lene blue would not be completely reduced. It is equally true that a solution of leuco- 
methylene blue behaves like a solution possessing an extremely small but definite pressure 
of active hydrogen. This hydrogen is capable of reacting with an inert electrode in the 
solution, or of reducing another autoxldizable compound (for Instance a qulnone) added to 

the solution. The hydrogen pressure of a methylene blue solution may also be measured by 
means of an electrode. 

It is apparent that, as a generalization of the above, a solution of any autoxldizable 
system (including systems made autoxldizable by the presence of suitable enzymes) behaves 
toward an electrode as though there were present the pressure of hydrogen which would be 
in equilibrium with the system. As a corollary, it is apparent that the reducing intensity 

of any solution may be expressed as the pressure of hydrogen with which it is in equilibri- 

um, or, alternatively, as the corresponding electrode potential. 

It may be seen from inspection of equation (4) that, of two systems at the same pH, 

the system with the more negative potential will be the more active reducing agent, that 

is, will be in equilibrium with the higher pressure of hydrogen. In order to obtain a 

more quantitative picture, however, it is necessary to take into account the concentrations 
of the constituents of the system. 


DERIVATION OF OXIDATION-REDUCTION POTENTIAL EQUATIONS 

In the reaction 


succinate ; fumarate + Bo 



( fumarate ) ( ^ ) 
(succinate) ^ 


and 



K (succinate) 

( fumarate) ' 


The hydrogen pressure in equilibrium with the 
of succinate to fiunarate. The potential of a 
will therefore be the potential of a hydrogen 


system therefore depends only on the ratio 
solution containing succinate and fumarate 
electrode the hydrogen pressure of which is 
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°f The potential vlu 

other hydrogen electrode (see equation Ua). 

* '' fv' system is such that an acid or base is produced bv the nY■ 5 ^^B+^ 

. ar.other rector noet te teien into account. In auc? a ayatem af 
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S- 


u'tan- depends not only on the ratio of oxi- 

V'-- -v-ere'-oi^ concentration. The potential of the sys- 

, ^ according to the relation of equation (U) but 

*-e‘ a-e-al^hvd^^ !^r®^ "J® variation of the hydrogen pressure itself with pH 

“ >W4'-°S«n l”- is Piolucad in tha oxidation reartlif 

"l;'vhir;S'o^??rra — This occurs, for 




3 © s •ee^lj' beslc nitrogen atom is oxidized to a strongly 'basic quaternary nitrogen. 

US therefor© express the general case as follows r 


reductant aH'*“ * oxidant + n/2 

v:iere a , tne r/uisber of hydrogen ions disappearing in the oxidation reaction, may he 
prsltlT©^ negative, or zero. Slnce^ in accepted usage, "n*' is the number of electrons or 
re gen atoms involved in the reaction, the number of hydrogen molecules involved becomes 
n> 2 . .Applying the soass law to this general equation, we obtain 


a 3 the quantitative expression for the hydrogen pressure in equilibrium with the system. 

In order to obtain a quantitative expression for the potential of the system, it Is neces- 
sary only to subetitute the above expression for (B^) in equation (^). 



This slnq^lifiee algebraically to 




In K 




In 


Idile eqtiatiOB gives the potential of an Inert electrode in any aqueous solution of 
an satoxl dl zable oxldoreductlon system. The constant K has a characteristic value for 
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RT 

each system* The term E is often used in place of the cumbersome expression - — In K 
The general equation then becomes 


„ ET , (ox) 

® ® ^ tear ♦ „ 


n - a ET 


In 


( 5 ) 


At 30® C., the equation hecomes 


E = E + log 


n 


( red) 


0.06 (a-n) 
+■ * * 


n 


pH 


( 5 a) 


where E is a constant characteristic of the system^ ”a" is the number of hydrogen ions 
formed in the reduction reaction^ and n the number of hydrogen atoms required in the reduc- 
tion. Equation (5) is a general equation describing the behavior of an electrode in any 
oxidore duct ion system. The constant E can be readily determined experimentally by a poten- 
tial measurement in a solution for which both pH and the ratio of oxidant to re duct ant are 
known. In the half-reduced system^ the second term on the right becomes zero, and the pH 
term should also become zero when the pH is ^ero. At pH zero the potential of the half- 
reduced system should therefore be equal to E. In many systems^ however^ the constant "a" 
is not the same at all pH values. For example^ at low pH values^ the oxidation of acetal- 
dehyde to acetic acid does not J^iberate a hydrogen ion since acetic acid is not ionized at 
low pH values. The expression E, therefore, might be described as the potential the half- 
reduced system would have at pH zeroJ.f the characteristics of the ays tern did not -change 
between pH zero and the pH at which E was determined. E and "a” do not change with pH in 
pH regions remote from a dissociation constant of the oxidant or reductant. 

It should be pointed out, however, that equation 5 holds at any pH if changes in the 
oxidant or reductant concentr^ion due to dissociation, precipitation, or other causes are 
taken into account. Thus the E value for the acetaldehyde-acetate system, as detennined 
at pH 7 , holds to pH zero if the oxidant concentration in equation (5) is considered to be 
the acetate ion concentration at the pH value in question. For example at pH zero the 
acetate ion concentration is 0. 000018 times the acetic acid concentration so that ' 

( _ ( acetate* ) _ 0.000018 (acetic acid) 

(red) (acetald.) (acetald.) 


The term used to express the actual value of the potential of the half-reduced syatem 
at pH zero is Eq. When the system- does not change In properties between pH zero and the 
pH range under investigation, E^^and E are identical. The term E„ has the advantage of 
being a more real quantity than E, but has the disadvantage that it is difficult to calcu- 
late the potential of a system from the knowledge of Eq, the pH, and the ratio of oxidant 


complexity of the dependence of potential on pH, a simplification of 
q a on ( 5 ) s used. If a system is to be studied at only one pH value, the pH 

erm o equation 5 has a constant value. Hence, a new constant, combining E and the pH 
term, may be used. This constant la called 1 ^!,. ^ i' 
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Equation ( 5 ), therefore, at constant pH, simplifies to 
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-Oil is acj.dlc av, any pH, and hydroxyl ion is basic at any pH. 
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OXIDATION-REDUCTION SYSTEMS 


110 have seen that at a 



% 



*en 




en pM^ uhe electrode potential of a solution depends upon 
of that solution. The potential is proportional to the 
whs Oa the reciprocal o-. the hydrogen pressure. If one solution is 0.05 volts more 

Irst solution has 10 times the hydrogen pressure of the second 


tive than am>thar^ 


the 


If two solutions^ havliig the aan© pH, but different potentials, are mixed, reaction 
will take place. It is conrenlent to visualize this reaction as taking place because of 
u-he Aerence In hydrogen pureasure between the two systems, hydrogen "expanding” from one 
ayste® to the other until ©^ullibriuni is established. A better, if slightly less conveni- 
ent, picture Is that of elections beli^ transferred from one system to the other until the 
electron preasure of both aysteiiB is equal. 


Hie react! €® which takes place upon mixing of two oxidation- reduct ion systems will, 
of course, pr©i 5 ^@d until equllihrium is reached, that is, until both systems have arrived 
at the sane pot^^^ntlal. The ratio (ox)/(red) of one system will decrease, thus decreasing 
Ite potential# At the same tlioe the (ox)/(red) ratio for the other system will increase, 
increasing ita J^l^ntial^ Hils process will continue until both potentials are the same. 
An ejtaa^l© wili k^ss this deco*. Suppose, in an evacuated Thunberg tube, we have 1 ml. of 
a solution 0#001 M with respect to both malate and oxalacetate, containing a malate deiiy- 
Awo 0 B 1 M 8 B syateia^ In the side-arm we have 1 ml. of a solution 0.001 M with respect to both 
a^itlQrlene blue and leuco methylene blue. Both solutions are at pH 7 * Since both systems 
are half reduced, E = Eq- Ihe malate -oxalacetate system will have a potential of -0.102 
▼olts, and the sietlQrlene blue system will have a potential of - 0.011 volts. We now mix 
the two solutions. Since the malate system has the lower potential, it will begin to re- 
dm^ the dJT® system. As the reaction proceeds, however, the ratio malate/oxalacetate de- 
crMses, ttierel^ Increasii^ the potential of this system. At the same time, the ratio 
|®H|g/Ml> InoieafiBes, thereby decreasing the potential of this system. The reaction will con- 
tijaue until both ^st^ia have the same potential, that is, until equilibrium has been 
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0.0^ log 
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0.011 0.05 log 
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^ m 


= 0 . 113 -t* 0.03 log 








r'jir simple case, 
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1 .»Lb ‘ — v^^l^ and vMB^) = (oxal) 






'be reduction process^ 


A^-. 

w * V,-. 



i. oxal ) 



0.115, and 




(MB^) 

(mb) 


= 76 . 1 -. 



y-Es^ 





an etpre 




ratio corresponds to 98. 65^ reduction of the dye. 
ortion of the dye vould remain unreduced. 


That is^ at eq^uilihrium. 


Another example 
— actate ^ at pM to 
lactate to an ejnent 


might be of interest. How much pyruvate must be added to 0.01 M 
cause SU-L * -L c _L ent inhibition that coenzyme I can be reduced by the 
of only O.lt? (The necessary enzymes are assumed to be present.) 


system 


E = -0.180 0.03 log 


(pyr) 

( lact) 


r 


I system 

S = -0.25^ **■ 0.03 log 


(Co) 

(Co^) 


Let the desired pyiojivate/iactate ratio be x. 


222 


- 0.180 + O-O3 log X = -0.254 +0.03 log ^ 
0.03 log X = -0.074 + 0.09 

0.05 log X = ^ 0.026 

m 

log X = 0.867 
X = 7.56 



T 

0.01 


= 7.56 


(pyr) = 0.0736 


That le, the presence of O.O756 M pymivate would cause the desired degree of inhihition. 
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ENERGY RELATIONS 


The potential difference between two reacting systems in an oxidoreduction bears a 
simple relationship to the free energy of the reaction. (We are considering now not the 
difference in values, but the actual potential difference, which will, of course, de- 
pend on the concentration of the reactants. ) If the potential difference is A E, then 

the electrical work capable of being done by the formation of 1 mole of product is of 
course 


' A F = nF A E 

Where A F is the change in energy content of the system, n the number of electrons in- 
volved, and F the faraday. F is here expressed in joules. A calorie is eq^ual to ^.18 
joules. A foot-pound is 1.5^ joules. Let us assume that in a living cell, lactate is 
being dehydrogenated to pyruvate, the hydrogen being transferred, through coenzymes or any 
other carriers, to cytochrome C. Let us further assume that the cell maintains the cyto- 
chrome in a half- reduced state, and that lactate and pyruvate are present in eq^ual concen- 
trations. We need not know anything about the carrier system in order to calculate the 
free energy change of the complete reaction. The lactate -pyruvate system has an E' of 

-0.180 at pH 7. The corresponding value for the cytochrome C system is + 0.262^. ^Since 
both systems are in the half-reduced state, E = E* and 


A E = 0.44^ volts 

“ A F = 2 X 96,500 X 0.444 = 85,500 joules = 20,500 cal. 

That is, the energy liberated by the reduction of one mole of cytochrome by one mole of 
lactate under the above conditions would, if it could be completely utilized, burn a 100 
wall bulb for l4 minutes or enable a l6o-pound man to climb 30 flights of stairs. 

Another important relationship between potential and energy change may be derived 
from the equation; 


- A F = nF A F 


If A F is the difference in potential between some system and the hydrogen system (hydro- 
gen electrode), -AF becomes the free energy of the reaction of hydrogen gas with the sys- 
tem. Thus the standard free energy of reduction of a system is equal to nF (E' + O.06 PH) 
since (-0.06 pH) is the potential of the hydrogen electrode. ^ ^ 

For the reaction 

^ 1/2 O2 ^ 

the standard free energy is 


- AF = 56,560 calories = 257,000 Joules. 


To find the potential of the oxygen system (Oo at 1 atmosphere In the presence of 
6®^'*®ctiv'atlng enzyme. If there he such) we may use the expression 


an oxy- 


- A I = nF (E^ 0.06 pH) 

At pH 7 and 30° 

237,000 = 2 X 96,000 + 0.h20) 

' = 0.81 


tJ* fo 
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the potential of the oxygen system in aqueous solution 
^2- alvays unity, is ^ 


where reduc 




pressure in atmospheres, 
is therefore 0.8l -0.015 log 5, 


The potential corresponding to 1/5 at- 
or 0.80 volts. 


re ever.ple of energy calculation may be given. 



the energy liherated when lactate reduced cyto- 
calories ynen Doth systems were half- reduced. Let us now see how many 

*e=, -ould he j.i Derated if the reduced cyi^ochrome reacts with atmospheric 



0.80 



LL4 


0.356 



nr A t 



^ ^ >-.500 X 0.556 — 68,600 Joules or 16,500 calories. 

t as much energy is available ff'om the step from cytochrome to oxygen as is 

0 step from lactate to cytochrome. The energy in either case is, of course, 
:^e to the cell unless coupling mechanisms exist. ^ 
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INTRODUCTORY COMMENT 


SCOPE 
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^ ^ c: ^ 


^ -s. 

•e» ^ 


« <51 
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^ ^ og* c-a X. 3 c 1 enc e s 
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A 


^>Tr T>. 


^T'" 


-action- reduction potentials vhich forms the hulk of this chanter 

of systems of interest to workers in 




ie 




>» ^ ^ ^ <? 5 l^ ^ 




m- 




1 



Ci: 


'X,- 





*! r^a?’'. .^o;: T>-» n 


'Uf 

^ a T. T| 




•a 


^■1 




diverse ra^iie 


w 


e% 

■» ^.(ES. C;^ 




<y^ 

& -ia 


rz^ ® 

^-z« 






't 

•ez» fi;®i 


over : 

p ^ 1 > 't" V T^ 

< 1^1 <!W»i 

^ _H -i. 

D ;?) fgjr-i ,, 

V ^ * ' jii 


■fc t!& 

-■* »«V ” 


attempt has been made to critically evaluate the results of 
bace been quoted from the original literature. The values 

Latimer and Hildebrand, and those taken from the re- 
.-Pxeceno the co.nsidered Judgement of those authors- Many of the biolo«i- 
,.~ue^_nave_beer. investigated repeatedly during the last thirty years. ® 

successive workers can be attributed to the failure of some 
-rjiere-t diriiculties presented by many of these systems. In these 

results of the investigation which seemed to them to have 

1 ^ ^ 4^ ^ J wik — . ^ "L^ _3l • 1 « * * . 


O’ - o 


or 


— 5 ■» 


or ^ — re values, obtained by different investigators, have been 
ms vnose potentials are controversial. 


NOMENCLATURE 


m\ : 




<Si t;#.' 




>!#?!» 


r=«-» 

X 


O 2*^: 






£? *c 

ri-3 


^ rc^ <3 


Vi -3 vr:^ 




%Mi. 


Th^ 


.Sw^ng oa both the oxidized and reduced components of every system would have 

ijy repetition of many long chemical names identical except for 
two ayllables. waere the designation of both components is necessary, the reduced 

rftten first, and the system will be found in the alphabetical list under 
tn.>_ component is named, the form which is best known has been 

systems designated by a single component are the q^uinones, the 
and the m&sj dyes which are used as redox indicators. 





THE ALPHABETICAL LIST 


i'® 




JlM! 
CC 

S-VW®, 


ill CliikOi k(u) i scuiJLi ka !&© ths location of aiiy dosirsd systom in th© tablo, an alphab©ti” 
list pr©€edi .©3 the Jtolri table- No rigorous plan has been followed in th© alphabeting. 
mn afet^eii^)t has been made to put each compound in the place where, in the authors 

he table would be apt to look for it. In general. 






to 





r%£i 


substituted 

im Hiave been listed 'onder the cominon name of the parent compound. In three cases 


Wi iT 




1 iJO^s 


i0,TOfflPiri^i 




compoimds have been brought together under a group heading. These groups 
gQgpounda . the Indophenols . and th© quinones . The naming of all flavins as 
glT©8 these systems a common location in th© alphabetical list. While such 
some departure from the logic stated above, it has the advantage of show 


‘i rt»f 


a • 3 >.. -S 

L-riP.-iS’# 


tto user at a glance which of certain closely related compounds are to be found in the 

Retells are entered under both their trivial name and their systematic name 


ri 


al^iabetlcal list. 


THE TABLE OF POTENTIALS 

Although the values of at pH 7 are not available for many systems, it was felt 
that an arrangeiEent in order of increasing potential at this pH was th© most desirable. 
Systems for which was determined at some other pH are placed in the table according to 
their estimated potential at pH 7 ; the values actually quoted are Eq for th© pH nearest 7 
for which a value is given by the author quoted. 

For a definition of the term Eq, the reader is referred to the previous chapter. 

VARIATION OF POTENTIAL WITH pH 

Ho attempt has been made to present all th© available data on the pH variation of the 
potentials of the redox systems listed in the table. Th© theoretical considerations In- 

*'See'lpage”'72''5bIrnbh0"”compT©t0 literature references to these authors. 
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voived in calculating Eq for various pH values are discussed in the preceding chapter* 
Workers interested in using indicator dyes at pH's other than 7 should consult "Oxidation- 
Eeduction Potentials in Bacteriology and Biochemistry" by L, F. Hewitt and "Oxldation- 
Beduction Potentials" by L. Mlchaells* 


A 

It should be noted that the values of ^ ^ given in the table are for 5 QP regardless 

of the temperature at which determinations were actually made. The use of this temperature 
gives figures which are multiples of O.O3. The values for other temperatures may be ob- 
tained by substituting the coirect absolute temperature into the factor ^ of equa- 

n F 

tion ( 5 ), Chapter III. 


LITERATURE CITATIONS 

Each reference from which data have been taken is cited only once. When additional 

listings have been made from the same source^ the authors names are given in the reference 

column, followed by the number, in parentheses, of the system with which the complete cita- 
tion is given. 


ALPHABETICAL LIST OF SYSTEMS 


The number which follows each entry in this' list is the 
number assigned to the system in the main table. 


Acetaldehyde/acetate I6 

Acridine 59 

Acridine, 1 -amino- 28 

Acridine, 2 -amino- .18 

Acridine, ^ -amino- 52 

Acridine, if-amlno- 45 

Acridine, 5 -amino- 9 

Acridine, 2 , 8 -diamino- 11 

Adrenalin 207 

Alanine/ ammonium pyruvate II9 

Alloxazlne : 4 l 


mil 


Anthraqulnones--see Quinones 

Ara bo flavin 60 

Ascorbic acid/dehydroascorbic acid.. I50 

Azure I I34 

Binds chedler ' s green, zinc double salt .. l82 

Brilliant alizarin blue j 6 

Brilliant cresyl blue chloride 14-5 

Bromide /bromine 219 

Butyrate/ crotonate .127 

Calcium/calcium ion : 2 

Catechol 206 

Catechol, ferro/ferri I98 

Chlorate/ perchlorate - 218 

Chloride/ chlorine 228 

Chlororaphine 92 

Chromic ion/dlchromate 209 

Chromiuny^chromi c ion ..12 

Chromous ion/ chromic ion 25 

Ciba scarlet sulfonate 122 

Cobalt/ cobaltoue ion 46 

Cobaltous lon/cobaltic ion 5 

Coenzyme I 55 

Copper/ cupric ion 201 


Cresyl blue 

Cresyl violet 

Cuprous ion/ cupric ion 

Cysteine/ Cystine 

Cytochromes- -see under Heme compounds 
Dialurlc acid/alloxan 

Dopa 

Echinochrome A (see also Spinone A) 

Epinephrine 

Epinlne 

Ergothionelne 

Ethanol/ acetaldehyde 

Ethyl Capri blue nitrate 

Ferrocyanlde/ferrl cyanide 

Ferrous ion/ ferric ion 

Flavins- -see Isoalloxazines 

Formaldehyde/ formate 

Formazane, hexyl diphenyl-/ tetrazolium 

chloride, 2, 5 -diphenyl -5 -hexyl 

Formate/ carbon dioxide . 

Oallocyanine 

Gallophenln 

Glucoflavin 

Glucose/ gluconate 

Glucos e - 6 - phosphate/ 6 - phosphoglucona t e 

Glutamate/of -ketoglutarate 

Glutathione 

Glyceraldehyde- 5 -phosphate/l, 5 - 

diphosphoglycerate 

Hallachrome 


14 1 

- 77 

171 

....85 

.115 

205 

- 33 

207 

205 

116 

...72 

107 

204 




. 23 

136 

84 

59 

18a 


125 

143 


44 a 

137 


HEME COMPOUNDS 

Carbon monoxide hemoglobin/ 
methemeglobln 




7*+ 


respiratory enzymes 


Cyanide heroochromof^on 

Cyan! de Spl ro^Faphl a heniochroroo^en 

Cytochrome a . 

Cytochrome b 

* ^ • • 

Cytochrome c ... 

Cy tochromo*Vri^ogiob 1 n 

Homo, ferro/ferrj . 

3pJ ro^raphl B heme 
Homocyanl n/ methemocyanJ n 

Homof/lobln/cyanohemoglobln 

Homo^ Job! n/ raethemogiobl n 
lIomoKlobl n/n! trJ c oxide hemoglobin 
Ifemogiobl n/ oxyhemoglobin 
HI at 1 dine homochromogon 
Myoglobl n/metn^oglobl n 
Nicotine homochromogon 
ti*Plcol.1no homochromogen 

PI coll no 3pl rographl H hemochroinogan 
Pilocarpine homochromogen 
Pilocarpi no Spl rographlo heroochromogen 
Pyridine homochromogon 

Hermldln/cyanohormldl n 
Homogontlolo acid 
Hydrocyanic acld/cyanogon 
Hydrogen/hydrogon Ion 
Hydrogen poroxldo/oxygen . 

Hydrogen sulfide/ Buifur 

Hydroqul nones --HOO Oul nones 
L- P-lfydroxy butyrate/ acetoacetote 
u- Hydroxy glut arnto/a -kotoglutarate 
Hypoxanthlne/urlc add 
Hypoxanthl no/ xanthine 
Indlgodlsulfonlc acid (Indigo carmine) 
Indlgosulfonlc acid 
Indlgototraaulfonlc add 
Indlgotrl sulfonic acid 
Indol 0 - 2 -carboxyllc add, 2 ,^-dlhydro- 

5 , 6 -dlhydroxy- 


o o 0 o • c O 


INDOPHBNOLS 


m- Bromophonol 1 ndo phenol 
o -Brono phenol 1 ndo phenol 
ni-Chlorophenollndo- 2 , 6 -di ohlorophenol 
o-Chlorophenollndophonol 
m-Crosoll ndophenol 
o-Creaollndophenol 

2 . 6 - Dlbroniophenollndophenol 

2 . 6 - DI ohlorophonoll ndo- o- ohlorophenol 

2 . 6 - Dlchlorophenollndo-o-crenol 

2 . 6 - Dlohlorophenoll ndophenol 
Oualacbll ndo- 2 , 6 -dl bromophenol 
m-Toluenedlcualnel ndophenol chloride 
Thyntoll ndophonol 
2-Sulfo-l-naphthollndo-2 ' , 6 ’ -dl - 

ohlorophenol * 

2-Sulfo-l-w^phthollndo-^ ’ ,*'’-dl- 
ohlorophenol 

2 -Sulfo-l-naphtholi odophenol 
2-Sulfo-l-iuiphthollndophenol-? ' - 

eiilfonlo aold . . 



Vil 



166 

65 

106 

216 

51 

169 

206 

154 

135 

146 

177 

165 

165 

128 

152 

170 






108 

26 

29 

89 

80 

120 

10 ^ 

140 


187 

184 

18 Q 
18*^ 
178 


180 

181 

174 

179 

167 

161 


I'se 


157 


i f 


'€ ' 


0y ' 


3ul 

Suifophen 

3 ee also 


* - 4 

* • * 

' ^ 
i 



0 /i;< o 




o 


\ 'J 


4 








'\y). 



I, ^ 


Ind jLilne 




ber..*/ 

^ - 1 : 


4 



4i .- 

4 I 


* 

t. 1 


1 r^m 

Iodide/ trl 1 " It 1 -^ 

Iron/ferrl- ! >r. 

I row fe rr u rt ; r . 

eoalloxa?.! ne->.^ 
iBoal loia 2 1 Tie , 

Ifloal loxa 1 1 , 

laoai ioxnz 1 ne , 

Jeoal loxe zl ne , 

Inoal loxez! ne, 

1 0 oa i 1 o la z 1 ne , 

arabltyl- Arnbofiarln 
iBoaiioxazJne, t , ^-llae 
gi u c 1 ty 1 - I uc o f I aT 1 n 
Inoal loiazlne, ^ , 7-4! me 
ri Mtyi-( mb.3flaT!n‘i 
laoali xailne, 6,7-41^ 
dbltyl-') ' -^^oei^orlc 
flarln phoephete) 
iBoal loxazl ne, 6, 7-ilmethy l- 
irjlltyl-( XyloflaYlnj 
la^alloxazlne, 
leoal loxazlne, 

leoalloxaz ! ne, 

9*Mthyi- 

y-^eciyi- 

^,tp7-trl 


• 

- S3 


om 



^ 

MS 


- » 


- . f? 

^ as 

- 

ts 

•» f / . - 

~ — a«b 

,7. 


t.-/ - 

_ jr9 

t-fty r - - ' , 


1 

thl 1 - d - " - 


» *^7 a, » «• 

55 




50 

A W M t' ^ 

■- hy * “ 



r 4 


5? a 




n 


Ifloalicxjizi 
leoalloxazlne, 
leoallozaxlne, 

glucityl- 
leoal loiazlne, 
( IaiM flarln) 
Ie..>alioxaf 1 






<r> 


b.7 


itHyl* 

thyi- 


£>ee mlmo kllozmtlnm mvA ToMofl90t 
I sod trate/ oial >eucc * nete 

I rtopropyl a Ieoh I’i /acetone 
Jai.ue »?rieen ( Janue rei) 

Jug 1 one 

Kett^jgluta rate/ ew'dniite 
^ a te py r jt a ^ e 
I.xipa * h- ' 1 
I eve one 
Lo«tlol 

l.uotferln • Fh be -teri 

Luml f leY ! n 

Hagneeiui^^msgTieeium i 
Malat#/ oialacetate 


Si 

ST 






! :m 


V 

44 

144 

14 

TO 

e 

45 
4 ? 

IIT 

V 

4 

n 

T 




Man^noue i orv ivuwiene ee 

1 otv 

loue i 

Methjl Cepri 
Methflene blue 
Murexlde 

2 - Keplttlio 1 , l-h/^roijlaAlaD-/ 1 

nltroeo- - 
Neplithoqel no p ee 
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Neutral violet 

Nile "blue 

Nitrosoguanldlne/nltroguanldlne 

Nitrous acid/ nitrate - 

Oxalic acid/carton dioxide 

Oxygen/ ozone 

Oxytocic hormone 

Palmltate/ oleate.'* 

Phenol hlue chloride 

Phenosaf ranine 

Phenosafranlne, dimethyl- 

Phenosafranine, tetraethyl- 

Phenosaf ranine, tetramethyl- 

Phenylalanine, L-5, ^-dihydroxy- 

Pherxylhydroxylamine/nitroaohenzene 

Phoenicin 

Phthiocol 

Pigment of Arion rufus 

Pigment of Chromodorls zebra 

Porphyrexide 

Porphyrexlde, spirocyclohexyl analog _ 

Porphyrindine 

Porphyrindine, spirocyclohexyl analog 

Potaasiujn/potasslum ion 

Prop! onate/acry late 

Pyo cyanine 

Pyruvate/acetate- hi carbonate 

QUINONES 


Anthraqul nones 

Anthraqulnone-l,5-disulfonlc acid 

Anthraqui none -2 -sulfonic acid 

Benzoquinones 

o-Quinone 

p-Qulnone 

p-Quinone, 2-chloro- 

p-Qulnone, 2, 6-dichloro- 

Naphthoquinones 

1,2- Naphthoquinone 

1.4- Napht hoqul none 

1.4 - Naphthoquinone, 2 - chloro- 

1,4- Napht hoqui none , 2 - e thy 1 -5 ^ 5 , 6 , 7 , 

8-pentahydroxy-(Echinochrome A). 

1.4- Naphthoquinone , 2 -hydroxy - 

(Laws one) 

1. 4 - Napht hoqul none, 2 -hydroxy-5 “ 

chloro- 

1 . 4 - Naphthoquinone . 2 -hydroxy -5 “ ( 5 " 

methylbut-2-ei^l) - (Lapachol) 


... 54 1, 4 -Naphthoquinone, 2 -hydroxy -3- 

... 90 {3-Diethyl-^ -hydroxybut-2-enyl)- 

. 210 (Lomatiol) 67 

225 1,4-Naththoquinone, 5“hydroxy- 

8 ( Juglone) l44 

. 231 1,4 -Naphthoquinone, 2-methyl-. 150 

103 1, 4 -Napht hoqui none, 2 -methyl-3 ■ 

. 159 hydroxy- (Phthiocol) 73 

. 185 1, 4 -Naphthoquinone, 2-methyl-3-phytyl- 

52 (Vitamin K]_) Il4 

50 1, 4 -Napht ho qulnone-2- sulfonic acid 155 

.... 49 

.47 Beductinlc acid I59 

,..205 Biboflavin - 58 

. 175 Biboflavin phosphate 66 

147 See also Yellow enzyme 

-...75 Bosindone sulfate 27 

..158 Bosinduline GG 44 

... 98 Besazurin l48 

221 Saf ranine T 42 

.220 Seleniuim/selenlous acid 222 

.217 Sodium/ sodium ion 3 

,.215 Spinone A 56 

1 Sue cinate/fuma rate 129 

.151 Succinate/ maleate 100 

..124 Sulfide/sulfur 212 

... 13 Sulfur/ sulfurous acid I09 

Sulfurous acid/ sulfate .17 

o-Thlocresol 94 

Thiocyanic acid/thiocyanogen 202 

Thiogly collie acid „„..86 

Thioethylene glycol (mono)« 112 

....62 Thlolhlstidlne 101 

54 Thionlne (Lauth's violet) l49 

Thiophenol 37 

Toluidihe blue 132 

Toluylene blue chloride I56 

206 Toxoflavin (Bact. boulgrek ) II8 

..194 Valine/ ammonium dlmethylpyruvate 9I 

196 Vanadic ion/ vanadyl ion 200 

199 Vanadous ion/ vanadic ion - 6l 

Vanadyl ion/vanadate 226 

Viologen, benzyl 31 

Vlologen, betaine 21 

l64 Viologen, ethyl 19 

142 Viologen, methyl 20 

.151 Vitamin Il4 

Water/hydrogen peroxide 6 

,, 35 Water/ oxygen 224 

Xanthine/ uric acid 30 

...85 Xyloflavln 02 

Yellow enzyme m 

110 Zinc/ zinc ion 10 


69 


r 


respiratory enzymes 



TABLE OF OXIDATION-REDUCTION POTENTIALS 


NUM- 

BER 

- 

SYSTEM 

TEMP. 

pH 

1 

PotassiuTD/potaasium ion 

25 

oTo 

2 

Calcium/calcium ion 

25 

0.0 


Soli uw sodium ion 

25 

0.0 


Magnesium/ magnesium ion 

25 

0.0 


Cobaltoua ion/cohaltic 
ion 

25 

0.0 

0 

Vater/hydrogen peroxide 

25 

0-0 

7 

Man^jie a e/ manganous i on 

25 

0.0 

8 

Cxa li c ac id/ carhon 
dioxide 

1 25 

0.0 

o 

j' 

Acridine, 5~a^Dino- 

- 

7-3 

10 

Zinc/ zinc ion 

25 

0.0 

li 

Acridine, 2,8-diamino- 

- 

7.3 

12 

Chromium/ chromic ion 

i 25 

0.0 

13 

Pyruvate/ acetate- 
hiceirhonate 

- 

7.0 

1 I 

u-Setoglutarate/ succinate 

— 

7.0 


Formaldehyde/ formate 

25 

14.0 

l6 

Acetaldehyde/ acetate 

' — 1 

7.0 

17 

Sulfuroua acid/ sulfate 

25 

0.0 

18 

Acridine, 2 -amino- 

- 

7-3 

I8a 

Glucose/ gluconate 

i 

7.0 

19 

Ethyl vlologen 

— 

7.0 

20 

Methyl viologen 

— 

7.0 

1 21 

Betaine viologen 

- 

7.0 

22 

Iron/ ferrous ion 

25 

0.0 

22a 

Gluco ae - 6 - phosphate/ 

6 -phosphogluconate 

— 

7.0 

23 

Formate/ carton dioxide 

30 

7.0 

24- 

^jrdrogen/ hydrogen ion 

all 

0.000 

25 

Chromous ion/ chromic 
ion 

temps * 

30 

25 

7-000 

0.0 

26 

Bypoxanthi ne/ url c aci d 

38 

7-51 

27 

Bosindone sulfate 

- 

7.0 


^From thermodynamic considerations. 


F ' 

^ o 

(VOLTS) 


pH 

RANGE 

reference 

- 2.922 

4 

0 

acid 

Latimer and Hildebrand 1 
"Eeference Book of 1 

1 Inorganic Chemistry,” I 

revised ed.. Macmillan. 

19 ^ 0 , p. 474 

- 2.87 

0 

1 

acid 

Latimer and Hildebrand ( 1 ) 

-2 . 712 

0 

acid 

Latimer and Hildebrand (l) 

- 2.54 

0 

acid 

Latimer and Hildebrand ( 1 ) 1 

-1.84 

- 

- 

Latimer and Hildebrand ( 1 ) I 

- 1.77 

1 — 

- 

Latimer and Hildebrand (l) 

- 1.05 

0 

acid 

Latimer and Hildebrand (1) 1 

- 0.49 

1 

1 

Latimer and Hildebrand (1) 

- 0.916 



Breyer, Buchanan and 

Duewell, J. Chem. Soc., 

1944 . 360 

- 0.7620 

0 

acid 

Latimer and Hildebrand (1) 

- 0.751 

1 " 

1 “ 

Breyer, Buchanan and 

Duewell ( 9 ) 

- 0.71 

0 

acid 

Latimer and Hildebrand (1) 

- 0.650 

( calc. 


1 — 

Ealckar, Chem. Rev, 28, 

71 (1941) 

- 0.600 

- 


Kalckar, (I 5 ) 

( calc. 




-1.114 1 

- 


Latimer and Hildebrand (1) 

“0.468 

- 

* 

Kalckar (13) 

( calc. 



+0.20 


- 

Latimer and Hildebrand (l) 

-0.468 


— 

Breyer, Buchcuian and 

Buewell ( 9 ) 1 

- 0.45 

1 


Ochoa, in Green, "Cur- 
rents in Biochemical 
Research, " Interaclence, 

1946 , p. 165 

- 0.449 

— 1 

— 1 

Stern, Tab. Biol. Per. 

4 , 1 ( 1955 ) 

“0.446 


- 1 

Stern ( 19 ) 1 

-0.444 

- 1 

- 

stern ( I 9 ) 

-0.440 

^ 1 

- 

Latimer and Hildebrand (1) 

- 0.43 

«« 1 

- 1 

Barron, Biological Sym- 1 

posla, Lancaster, 10, 

27 ( 1943 ) 

-0.420 

0 . 0000 

1 

-0.4200 

-.06 

1 

* ^ I 

entire 

range 

Woods, Blochem. J. , 30. 

515 ( 1956 ) 

-0.41 

0 

acid 

Latimer and Hildebrand (1) 

-0.410 1 

- 1 

- 1 

Fillttl, J. chim. phys. 

22 , 1 ( 1935 ) 

- 0.385 

- 1 

— 1 

Stem ( 19 ) 


THEORY OF O-R POTENTIALS 



NUM- 

BER 


28 


33 


39 


4 o 


hi 


50 


51 


SYSTEM 


Acridine^ 1 -ami no 


29 ^ypoxanthin©/ xanthine 

Xanthl ne/uri c acid 
Benzyl viologen 
Acridine, 5 -aniino- 


1 , ^ “ Napht ho qui none , 
ethyl-5,5,6,7,8- 
pentahydroxy- 
(Echinochrom© A) 

Neutral violet 

Neutral red 

Neutral red iodide 

Thi ophenol 


2 - 


Induline scarlet 

Isocitrate/ oxalo- 
succinate 

Acridine 

L- p-Hydroxyhutyrat©/ 
ace toac state 

Alloxazin© 


Saf ranine T 
Acridine, 4 -ami no - 

Bosinduline GG 

Glyceraldehyde-5- 
phosphate/l, 5“di- 
pho sphogly c ©rat ©^ ® 


Hjydrogen sulfide/sulfur 

Cohalt/ cohaltous ion 

Phenosaf ranine, tetra- 
methyl- 

Janus green (Janus red) 

Phenosaf ranine, 
tetraethyl 

Phe no 8 a f r ani ne , 
dimethyX- 

Hemoglohin- cyano- 
hemoglobin 

Phenosaf ranine 

Isopropyl alcohol/ 
acetone 


TEMP 


38 


25 


38 


30 


35 


pH 

F ’ 

(VOLTS) 

7.5 

-0.394 

7.0 

-0.371 

7.0 

-0.363 

7..O j 

“ 0.359 

7.5 

-0.569 


0.0 


5.0 


7.0 


7.0 


7.0 


7.0 


7.0 


+ 0.000 
( Est.2 ) 


0.300 


-0.295 


-0.170 


-0.289 

-0.301 

-0.281 


-0.28 


“O.273 

-0.256 

-0.254 

-0.252 

-0.252 

-0.252 

-0.251 


^pH/ 30 O 


pH 

RANGE 


- .06 


0-7 


-.06 


6-8 


-.06 5. 5-8. 3 


0 


acid 


REFERENCE 
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€1 * 

Estimated on the basis of a study of the effects on the potential of 1 , 4 -naphthoquinone of substituents 
various positions in the molecule. 

Potential dependent on the concentration of orthophosphate as well as that of oxidant and reductant 
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TABLES OF O-R POTENTIALS 



NUM 

BER 

SYSTEM 

TEMP. 

pH 

E' 

0 

. (VOLTS) 

AdH/ 30 « 

pH 

RANGI 

71 

Isoalloxazino, 9 "ni©thyl” 

1 20 

7.0 

1 -0.167 


0 . 40 - 







12.8 



50 

7-0 

j -0.183 

- 

— 

72 

Ethanol/acetaldehyd© 

25 

7.0 

-0.200 

— 

' — 



25 

7.0 

-0.165 







( calc^) 



75 

1 , 4 “Naphthoquinone, 2- 







methyl“5 -hydroxy- 







(Phthiocol) 

1 — 

7.0 

-0.180 



7 ^^ 

Isoalloxazln©’ 6,9- 

20 

7.0 

-0.176 


O.k- 


dimethyl- 





12.8 

75 

Isoalloxazine, 5 , 9 " 

20 

7.0 

-0.175 


0 . 4 - 


dimethyl- 





12.8 

76 

Brilliant alizaidn blue 

1 — 

7.0 

-0.175 

• 


77 

Cresyl violet 

1 

1 — 

7.0 

-0.166 


1 

78 

Isoalloxazine, 9 ~J>- 







glucltyl- 

50 

7.0 

-0.165 

- 

1 — 

79 

Isoalloxazine, 9 " 

20 

7-0 

-0.156 


0 . 4 - 


hydroxy ethyl- 





12.8 

80 

Indlgosulfonlc acid 

1 ” 

7.0 

-0.150 


1 _ 

81 

Isoalloxazins, 5,6,7- 







t ri methyl -9 -D- 







glucltyl- 

20 

^^.70 

-0.080 

- 

1 — 

82 

Isoalloxazln©, 6 , 7 - 







di methyl -9 - B- xylityl- 







( xyloflavln) 

20 

1+.70 

-0.078 

— 

— 

85 

1 , 4 -Naphthoquinone, 

— 

7.18 

-0.154 

- .06 

0.56- 


2 -hydroxy- ( Laws on© ) 





5.50 






-.09 

k.o- 







9.18 



25 

0.0 

+0.357 

- 

— 


m 1 



( 50 ^( EtOH) 



Qk 

Gallophenin 

- 

7.0 

- 0.142 * 

-i 1 


85 

Cysteine/ cystine 

25 

7-0 

- 0.14 

-.06 

0-7 

86 

Thioglycollic acid 

25 

7.0 

-O.U 

-.06 

0-7 

87 

Isoalloxazln©, 9 " 

20 

7.0 

-0.134 

- .06 j 

0 . 4 - 


dihydroxy propyl - 





6.0 






0 
« 

1 

6.0- 







8.0 






-.06 

9.0- 







12.8 

88 

Isoalloxazlne, 9" 

20 

7.0 

-0.126 

* 1 

0 . 4 - 


phenyl- 

20 

4,70 

0.000 


12.8 

89 

Indigodl sulfonic acid 







(Indigo carmine) 

- 

7.0 

-0.125 

- 1 

- 

90 

Nil© blue 

- 

7.0 

-0.116 

— 1 






to 







-0.150 1 



91 

V^llne/ammonium 







d i methy Ipy ruvat ©^ 

57 

7.0 

-0.115 


- 

92 

Chlororaphlne- 

29.5 

7.42 

-0.159 

-.06 

2-10 

95 

Cyanide Spirographls 







hemochromogen 

30 

9.95 

-0 . 113 

- 

- 

94 

o-Thiocresol 

25 

7.0 

-0.11 

- .06 

0-7 

95 

Isoalloxazlne, 6,8,9- 

20 

7.0 

-0.109 

1 

0 . 4 - 


trlmethyl- 





12.8 


■ 

Potential dependent on the activity of ammonium ion ae well as that of oxidant and reductant. 
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NL'W- 

BER 

SYSTEM 

TEMP. 

pH 

F' 

(VOLTS) 

r-* 

Israllcxarine. 9-benzyi- 

20 

'+•70 

-0.056 

— 

- ? c al 1 c xa ztzie- p - ace ti c 





arid 

20 

^.70 

-0.056 


- cf Chrcnodoria 

30 

1 7.0 

-0.102 


z r 





.'ialate rxalacetate 

58 

7.0 

-0.102 


5 u r c i na te /' mal ©a t© 

37 

7.0 

1 

-0.09U 


ni c Ihi 3 1 i dl ne 

25 

7.0 

-0.09 



^drr cyanic acid/ 





cyancgen 

25 

0.0 

+0.55 

- 

^xytccic normone 

18 

6.0 

-0.025 


Iscalloxazlne, 9- 





cyclohexyl- 

20 

14-.70 

-0.012 



Indlgotrl sulfonic acid 

I — 

7.0 

-0.081 


Splrographls heme 

30 

7.22 

-0.089 

- - 

Ithyl lapini blue nitrate 

— 

7.0 

-0.072 

— -O 

^ *^drc jy^iut erate/ 

— 

7.0 

-0.07 


^ ’kei r-^lutarate 



( approx. ) 

• — 1 •»- 

Sulfur/ suXfurcua acid 

25 

0,0 

+ 0 .l ^5 

^ 1 

1 , - - Ti ap ht hoqul none , 

25 

0.0 

+0.352 


l-h7iroxy-5-chloro- 



(5056 EtOH) 

* 1 

J • < 

Teilcv enzyiae 1 

38 

7.0 

-0.060 

* * ^ 

inio ethylene glycol 





( mono ) 

25 

7.0 

-0.06 

' ^ T 

Methyl Capri blue 1 

- 

7.0 

-0.061 

-i- i 

1 , ^ - Naphtho c u 1 none , 

20 

0.0 

+0.565 


2 - !Le t ly 1 - * - phy ty 1 - 



( 95 ?t Eton) 


yitamln K^ } 




^ sz 

llalurlc acid/alloxan I 

25 

0.0 

+0.5672 

116 

Srgo t hi onel na 

25 

7.0 

-0.05 

117 

Luclferln (Fhotobacteriiim 1 

18 

7.0 

-0.050 


phosphoreum) 1 



( Est . 5 ) 

118 

ToxoflaTln (Bact. 

30 1 

7.0 

- 0.049 


boiikrek , 1 




115 

A 1 A n1 ry» / A mmn n 1 u ffi 

37 

7.0 

-o.o48 


V.U 



Estlfflatod on the 'basis of a studjr of the ability of redox active compounds to Inhibit light production 
by the bacterium* 



TABLES OF 0-R POTENTIALS 



NUM- 

BER 


125 


lUl 


150 


SYSTEM 


Glutamate/a -keto 
glutarate 


126 I Hermidin/cyanohermidln 

Butyrate/ crotonate 

Pilocarpine hemo- 
chromogen 

Succinate/ fumarat© 

1,4- Napht hoqui none, 
2-metliyl- 

131 Propionate/acrylate 


Toluldine blue 
Methylene blue 


Azure I 

Histidine hemo chromogen 


■ 

Gallocy anl ne 
Hallachrom© 

Pigment of Arlon rufus 

Palmltate/ oleat© 

Indole-2- carboxylic acid, 
2,3-dlhydro-4,6-dihy- 
droxy- 


Cresyl blue 


142 1,4 -Naphthoquinone 


Glutathione 


1,4’ Naphthoquinone , 

5 -hydroxy- (Juglone) 


145 I Brilliant creayl blue 

chloride 

146 Myoglobin/metnyoglobin 


Phoenlcin 

Besazurin 


Thi oni n© ( Lauth * s 
Violet) 

As G orbi c acid/ dehydro 
ascorbic acid 


151 I 1,4 -Napht hoqui none, 

2-chloro- 


TEMP 


30 


50 


17 


25 


30 


20 


35.5 


pH 


7.0 


7.0 


7.0 


7-0 


0.0 


7.0 

3.30 

6.43 


0.0 


(VOLTS) 


-0,030 

( calc. 

-0.045 


-0.025 

-0.170 

0.00 

0.422 

0.010 

{ calc.^) 

0.011 

0.011 

0.011 

-0.138 


0.171 

0.031 


0.047 


0.488 

0.036 

0.04 

0.023 


0.450 

0.045 

0.046 


0.047 

0.051 


0.062 

0.204 

0.080 

(Extrap.o) 

0.508 




A pH/ 30® 


- . 06 


-.06 


.07 


pH 

RANGE 


0-7 


5.9- 

7.4 


-.06 I 2.04- 

4.2 

-.03 I 4 . 2 - 


REFEHENCE 


Kalckar (I3) 


Cannan, Bl ochem. J . 

20, 927 (1926) 

Kalckar (I3) 

Barron {93) 

Kalc^:ar (I3) 

Wallenfels and Mohle (33) 
Kalckar (I5) 

Stern (19) 

Stern (I9) 


Stern (I9) 

Barron, Science 85, 58 

( 1938 ) 

Stern (19) 

Frledheim (83) 
Friedheim (85) 

Kalckar (13) 


Frledheim, Naturwlaeen- 
schaften 2^ 177 (1933) 

Rapklne, Struyck and 
VTurmser, J. chlm, phya. 

26, 34o (1929) 

Cohen and Preisler, Suppl, 
92, Pub. Health Rep. 

1931 

Wallenfels and Mohle (33) 
Stern (I9) 

Iferklan and Schmidt (37) 
Friedheim {83) 


Wallenfels and Mohle (33) 
Stem (19) 

Taylor and Morgan, J. 
Biol. Chem, l44, 15 

( 1942 ) 

Frledheim (85) 

Tvigg Nature ^5, 4oi 

(1945) 

Stern (19) 

Borsook ©t al., J. Biol. 
Chem. llj^ 237 (1937) 


Wallenfels and Mohle ( 33 ) 


Calculated from the determined values by correcting 
dehydroas corbie acid above pH 4,2. 


for -the pH dependent irreversible hydrolysis of 


NUM 

BER 


±‘'2 




155 




157 


1 




-C 


HP 



nu. 


165 


lc 6 


16 ( 


168 


16' 


170 

171 

172 
175 

171 

175 

176 

177 

I7B 

179 

180 


respiratory enzymes 


SYSTEM 


Filocarpin Sp i r Oji^raphl 3 
bemochroffiogen 

2-Xaphthol, l-bydro3(yl- 
amlno- /l “iii troso- 

Hesoglobin/ oxyhemoglobin 

l,““Naphthoquinone-2- 
sulfonic acid 

Toluylene blue chloride 




- 3 ulfo-l-naphtholindo- 
5 ’ , 5 ' -dichlorophenol 

2 -Sulfo-l-naphtholindo- 
2 ’ , 6 ' -dichlorophenol 

Reductinic acid 
2 “ 3 uliO-l-naphtholindo- 

phenol 

m - T ol ue ne di ami ne - 
indophenol chloride 

2 -Sulfo-l-naphtholindo* 
phenol-5 ' 'Sulfonic acid 

oc^Picoiine hemo chromogen 

1,2 Naphthoquinone 


3 t-Picoline Sp i r og ra phi a 
hemochromogen 

IsoaJ-loxazine, 5^6-benzo- 
9 -methyl- 

Guaiacoliiido-2, 6-dibromo- 
phenol 

’'Cytochrome"/ nyoglobin 


Hemoglobin/ methemo- 
globii^ 


Pyridine hemochromogen 

Cuprous ion/cupric ion 

Thy moli ndophenol 

Phe ny Ihy d r oxy la mi ne / 
ni t ro sobenz ene 

2 ,6-Dichlorophenolindo- 
o-c resol 

o - Cre soli ndopheno 1 
Murexide 

Nicotine hemochromogen 
m- C r e BO li nd ophe no 1 
2 , 6 - Di chlorophenoli ndo- 


2 , 6-Dlbromophenolindo- 
phenol 



TEMP 

pH 

E' 

(VOLTS) 

ApH/ 30 ° 

pH 

RANGE 

1 " 

9 yfcr 

reference ^ 

50 

9-65 

1 

-0.067 

- 

— 

— — — ^ 

Barron (95) 

25 

0.0 

0.52 



International Critical 
Tables (85) 


7-0 

0.102 


- 

Schmidt (51) 

2 k 

0.0 

0.534 

— 

* 

: International Critical 
Tatles (85) 


7.0 

0.115 

- 

" 

Stem ( 19 ) 

— 

7.0 

0.119 

- 

• 

Stem {19) 

— 

7.0 

0.119 


- 

Stem (19) 

25 

6.81 

0.122 

-.05 

5-7 

Mayer, J. chim. phys. 

24 , 109 (1937) 

— 

7.0 

0.123 

- 

— 

stem (19) 

- 

7-0 

0.127 

- 

I - 

Stem (19) 

— 

7.0 

0.135 


- 

Stem (19) 

— 

9.65 

- 0.033 

-.06 

I 

Barron ( 95 ) 

• 

7.0 

0.143 

(Extrap. 7 ) 

— 

1 

Stem (19) 


! 0.0 

0.578 

— 

1 — 

Wallenfels and Mohle ( 55 ) 

50 

9-65 I 

-0.010 

- 

“ 

Barron ( 95 ) 

20 

ia.8 

-0.50 

— 

- 

Kuhn and Boulanger ( 57 ) 


7.0 

0.159 

- 

- 

stem (19) 



0.16 



Bechtold and Pfeilstickerj 
Biochem, Z. 507, 19 ^ 

(1941) 

10 

5.0- 

6.6 

0.200 

- I 

— 1 

Haver mann, Biochem. Z. 

314. 118 (1943) 

45 

5.0- 

5.6 

0 . l 4 o 

" 1 

" 1 


- 1 

9-5 

0.017 

-.06 

- 

Barron ( 155 ) 

25 

0.0 

0.167 

0 

acid 

Latimer and Hildebrand (l) 

— 1 

7.0 

0.174 

- 

- 1 

Hewitt (122) 

25 

0.0 

0-60 

"" 1 

“ 1 

International Critical 
Tables ( 83 ) 

- I 

7.0 

0.181 

— 1 

- 

Stem (19) 

— 1 

7.0 

0.195 

" 1 

- 

stem ( 19 ) 

20 

4-7 

0.151 

-.06 

- 1 

Kuhn and Lyman, Ber. 

1547 (1956) 

- 

9.5 

0.055 

- .06 

- I 

Barron ( 155 ) 

- 

7.0 1 

0.210 

— 1 

- 

stem ( 19 ) 

- 

7.0 

0.217 

- 

- I 

Stem (19) 

- 1 

7.0 

0.217 

- 1 

- I 

Stem (19) 



'Extrapolated. The compound is unstable above pH 6 . 2 . 

°The potential was found to have an unusual dependence on temperature. Values were not constant over 
the pH range studied, but showed no consistent tendency to decrease or increase. 
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85 


195 


199 


205 


206 


211 


NUM 

BER ~ SYSTEM 

181 2,6-Dlchloroph0nollndo 

o - chlorophenol 

182 I Bindschedler' 8 green, 

zinc double salt 

Phenol blue chloride 

o - Bronophenoli ndophenol 

o- Chlorophenoli ndophenol 

2-SulfophenolindO“2 ' , 6 ' - 
dibromophenol 

m- Bro mopheno 1 i ndoph eno 1 

5 -Sulfophenoli ndophenol 

m- Chi or opheno 11 ndo - 2 , 

6- di chlorophenol 

190 Homogentisic acid 


191 Cytochrome c 


Bydrogen peroxide/oxygen 

3“SulfophenollndO'2 ' , 

6 ’ -dibromophenol 

19^ . Qulnone (p-Quinone) 


Carbon monoxide hemo- 
globin/ methemoglobin 

Quinone, 2-chloro- 

Cytochrome a 
-Catechol, ferro-/ferri- 

Qui none , 2 , 6- di chloro 

Vanadic ion/vanadyl ion 

Copper/ cupric ion 

Thiocyanlc acid/ 
thi ocyanogen 

Epinlne 

Ferrocyanide/ ferricyanl de 

Phenylalanine, 
dihydroxy - ( Dopa ) 

o- Quinone 


Adrenalin 

Hemoglobi n/ nl tri c oxl de 
hemoglobin * 

Chromic ion/dl chromate 

Nitroeoguanidine/ nitro- 
guanidine 

* 

Ammonia/hydroxy lamlne 


212 Sulfide/sulfur 


TEMP. 


25 


25 


25 


25 


50 


50 


50 


pH 


7.0 


6.994 


7*0 


0.0 


7-0 


0.0 


0. 0 


7.664 


(VOLTS) 


0.218 


0.224 


0.248 

0.250 

0.254 

0.261 


0.262 


0.682 

0.275 


0.280 


0.7125 


0.722 

0.314 

0.3448 

0.77 

0 . 


/ipH/30® 


pH 

BANGE 


0 


0.6994 -.06 


<8 


0 


acid 


0.0 

0.56 

- 

7.0 

0.570 

[ 

7-66 

0.553 


0.0 

0.79*^ 

-.06 

7-0 

0.580 

- . 06 

7.0 

0.380 

(approx.) 

- 

0.0 

1.56 

- 

0.0 

0.85 

- 

14.0 

0.1^2 


0.0 

1.55 

- 

14.0 

0.508 

— 


REFERENCE 
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Stem (19) 

Stem (19) 

Stem (19) 
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(1935) 
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International Critical 
Tables (83) 

Latimer' and Hildebrand (1) 
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Ball and Chen (203) 


Ball and Chen (205) 
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Latimer and Hildebrand (1) 



RESPIRATORY ENZYMES 




1 

M'M 

BER 

r 

SYSTEM 

TEMP. 

pH 

E' 

(VOLTS) 

aK \ 

ApHjsO® 

pH 

RANGE 

_ 

Forphyrindlne, spiro- 
cyciohexyl analog 

18 

7.0 

0.534 

— 

— 


Iodide/ iodine 

23 

0.0 

0.5545 

0 

acid 


lodide/trilodide 

25 

0.0 

0.5555 

0 

acid 

21 c 

Hemocyanin/ methemo- 
cyani n 


7.0 

0.540 

— 

- 


Porphy r i ndi ne 

18 

7.0 

0.565 

— 


21^ 

Chlorate/ perchlorate 

25 

0.0 

1.00 




# 

Bromi de/ bromi ne 

25 

! 0.0 

0.652 

0 ' 

acid 

> 

i 

1 

Porphyrexide, spiro- 
1 cyclohexyl analog 

18 

7.0 

0.690 

- .06 

1.95- 

5.0 

1 ^ ^ 

Porphyrexide 

18 

7.0 

0.725 

- 

_ 1 

222 

Seleniun/selenious acid 

25 

0.0 

0.740 

- 


223 ; 

Ferrous ion/ ferric ion 

25 

0.0 

0.771 

0 

acid 

224 

Water/oxygen 

25 

7-0 

0.815 

- . 06 

- 

225 

Nitrous acid/ nitrate 

25 

0.0 

0.96 . 

- 

— 

226 

Vanadyl ion/ vanadate 

25 

0.0 

1.000 

- 

- 

227 

Manganous i on/ mangane se 
dioxide 

25 

0.0 

1.28 

— 

- 

228 

Chloride/ chlorine 

25 

0.0 

1.3583 

0 

acid 

229 

Manga nous ion/ manganl c 
ion 

25 

0.0 

1.51 

- 


P 

^ J - 

Mangano^la i on/ per- 
manganate 

25 

0.0 

1.52 



25 i 

Oxygen/ ozone 

25 

25 

14.0 

0.0 

1.4 

2.07 

— 

- 


REFERENCE 


Porter and Hellerman, ^ J. 
Am. Chem. Soc. 66. 16*35 
{I9hk) — ’ 

Latimer and Hildebrand (1) 

Latimer and Hildebrand (l) 

Conant^ Chow and Schonbach 
J. Biol, Chem. 101, 465 

( 1935 ) 

Kuhn and Franke, Ber. 68 

1328 (1935) 

Latimer and Hildebrand (1) 
Latimer and Hildebrand (1) 
Porter and Hellerman ( 215 ) 

Kuhn and Franke (217) 
Latimer and Hildebrand (1) 
Latimer and Hildebrand (1) 
Latimer and Hildebrand (1) 
Latimer and Hildebrand (1) 
Latimer and Hildebrand (1) 
Latimer and Hildebrand (1) 

Latimer and Hildebrand (l) 
Latimer and Hildebrand (1) 

Latimer and Hildebrand (1) 

Latimer and Hildebrand (1) 




Chapter V 

Si 

COENZYMES AND ACTIVATORS 


by 

G. A. LePAGE 

Assistant Professor of Oncology 

TABLE OF CONTENTS 


Introduction 

Adenosine phosphates 


Vitamin complexes 


Nicotinic acid 


Thiamine 


Elhof lavln .. 


' • 4 + ■ * • 




Pyridoxine 


Pantothenic acid 


Biotin 


Folic acid 


Ascorbic acid and glutathione 


Ee Terences 


Page 
. 86 
.86 
. 87 
■87 



95 

96 

96 

97 

98 

98 



-85- 




INTRODUCTION 




U aaaiT^aon -CO suDstrate and enzyme, many enzymatic reactions require another tvne of 
. , ^^rerred to as a "coenzyme". The term was first used hy BertrLd in St to ?efer 

JO .ertain inorgamc ions which activated enzymes; for example the activation of ' pancreatic 
ai^^^.ase oy chlorides and of rennin hy calcium. However, the term coenzymes will be re- 
ij^racted here oo the more modern usage, in which they are defined as heat-stable dialyz- 
aole organic substances required for the activity of their respective enzymes. Thf^St 

atxon Ox these was made by Harden and Young in I906, when they found that the dif- 

- * ® boiled yeast Juice greatly stimulated fermentation in cell-free ex- 

trac 3. Thxs yeast fermentation coenzyme, then termed "cozymase", was found in many tis- 
sues otner than yeast including animal organa and milk (Meyerhof, 1918) . This factor hnn 

aince b.an found to function „lth apaolfic entyma syatena, as for tho (‘otic d“ 

iijdrogenase ( Szent-Gyorgyi, 1925; Banga ©t al, 1932-1933). 


f'ua, 


^ is possible to describe the function of many of the vitamins in terms 

c. uhe^r places in the structures of coenzymes, and new functions are still being found for 
some of the well known coenz3niies beyond the functions first observed for them. 


ADENOSINE PHOSPHATES 

These answer the definition of coenzymes in that they are necessary cofactors in the 
transfer of phosphate in the cell and in particilLar in the transfer of high energy phos- 
pna“Ge Donds. The system, which to the author*© knowledge has been found in ©very tissue 

examined for it, consists of the three components, adenosine triphosphate (ATP), 
adenosine diphosphate (ADP) and adenylic acid (AMP). This phosphate transfer system has 
been studied by Lohmann, Meyerhof, Embden, Parnas, Needham, Lipmann, Cori, Kalckar, Potter 
and others. As a resuilt it is known to be essential to the transfer of phosphate bond 
energy in a wide variety of reactions in many different types of cells. 


The beat source of these compounds for preparative purposes is skeletal muscle. In 
resting muscle ATP is found to be 200-300 mg. per cent. ATP is the form most readily iso- 
lated and piirifled. A procedure for this was described by Lohmann in 1928. Since then 
modifications of the procedure have been described by Kerr (19^ la), Needham (19^2) and 
LePage (19^5)* The yields and ©as© of isolation of ATP make it best to prepare the homo- 
logues from it rather than attempt their separate isolation. Lohmann and Schuster (1935) 
described a procedure for preparing ADP from ATP by enzymatic hydrolysis with a washed 
lobster muscle preparation. Conditions for this are described by LePag© (19^5)* Kerr 
(1941b) has described a method for preparation of AMP from ATP by hydrolysis with barium 
hydroxide . 
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These are relatively labile compounds in solution, quite stable when diy. Neutral 

solutions are stable in the cold for at least several days. In dilute alkali at 100° C,, 

the pyrophosphate bonds of ATP and ADP are split, AMP is stable. In 1 N HCl at 100^ C. 

the pyrophosphate bonds of ATP and ADP are all broken within 7 min. ; and within 10 min. 

the adenine -ribose bond is also completely destroyed. The resulting rlbose phosphate is 

much more slowly hydrolyzed. 

Determination of these compounds in tissues necessarily involves use of in situ freez- 
ing, to prevent rapid changes caused by stimulation, -and extraction with a protein precipi- 
tant such as trichloroacetic acid or perchloric acid. Plxing of vitro enzymatic reac- 
tion mixtures merely requires addition of the acid to destroy enzyme activity. The acid 
extracts are neutralized and fractionated with barium and alcohol. In the presence of in- 
organic phosphorus the ATP and ADP are in the barium precipitates made at slightly alkaline 
pH. They can be estimated and differentiated by measurement of phosphorus hydrolyzed by 
1 N HCl in 7 min. at 100^ C. (ATP-P 67 per cent, ADP-P 50 per cent hydrolyzed) and ribose. 
AMP is found in the fraction precipitated by barium and alcohol and can be estimated by 

measurement of absorption at 260 ny, where it exhibits an absorption maximum. 

* 

Examples of the function of these "co-phosphorylases" are: 

ATP + glucose ► glucose - 6- phos. + ADP 

Phosphopyruvic acid ADP , > ATP ^ pyruvic acid 
Phosphopyruvic acid + AMP » ADP pyruvic acid 


VITAMIN COMPLEXES 

NICOTINIC ACID 

This compound is well known as a vitamin, and has been found to function by reason of 
its place in the structure of two important coenzymes, diphosphopyrldlne nucleotide (DPN, 

Co I, cozymase) and triphosphopyridlne nucleotide (TPN, Co II). These coenzymes appear to 
function in the dehydrogenase activity of a wide variety of tissues. They are both found 
in varying amounts in all the actively metabolizing tissues of higher forma of life and in 

a variety of microorganisms {^fyrback, 1933 y 1937 J Warburg, I936). Yeast and liver are the 
best sources for DPN and TPN preparation respectively. As mentioned earlier, DPN was first 
discovered in yeast. TPN was first Isolated from red blood cells by Warburg et al (1933a, 


The pyridine nucleotides are very soluble in water, have very limited solubility in 
organic solvents such as acetone and alcohol, are insoluble in ethyl acetate and fat sol- 
vents generally. They readily diffuse through membranes. The molecular weights of DPN and 
TPN are 663 and 743 respectively. They both form Insoluble salts with heavy metals such 
as Pb,Hg,Ag, but both have water soluble barium salts. They can be separated by use of 
difference in the solubility of their barium salts in water- alcohol. When three volumes 
of alcohol are added to a water solution of the two coenzymes at pH9 in the cold, DPN is 
soluble to the extent of 5 ins* greater, while TPN is quantitatively precipi- 

tated. 

Aqueous solutions of the pyridine nycleotides are acid, DPN having only one free, 

titratable acid group, TPN having three. The oxidized forms are stable in acid, labile in 

alkali. The reduced forms show Just the reverse, are labile to acid, relatively stable to 

alkali. Data provided by Schlenk (1941) Illustrate this and are given in Table 1. 
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Stability of Pyridine Nycleotides 
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Beduced 


Destroyed 
immediately 
at 20^ C. 


Slight decrease 
in activity after 
10 min. at 100° C 
Stable at 20® C. 


TPN 


Oxidized 
50% destroyed 
in 7-3 min. 
at 100® C. 


50% destroyed 
after 12 min. 
at 25® C. 


Beduced 
Destroyed 
immediately 
at 20® C. 


Stable at 
20® C. 
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Diphosphopyridine Nucleotide 


■Hie chemical conetltuenta of both theae coenzymes have been established by Warburg 
and Euler and their co-vorkers. The two differ only in that TPN possesses one more phos- 
phoric acid group. The structure of DPN has now been well established, but there is lees 
information concerning TPN. The position of the third phosphoric acid group in the latter 
Is uncertain. Schlenk and Euler (1956) proposed a structure for DPN which has been estab- 
lished as correct. Schlenk (19‘^2) provided the last necessary data when he established 
that d-rlbose was the sugar In both positions in the DPN molecule, and that the linages 
wore rlbo8e-5-phoephate linkages. The structure of DPN is given below. The coMtituents, 
adenine, 2 rlboses, nicotinamide and 2 phosphoric acids are linked by removal of five mole 
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cules of vater. It has been demonstrated by Adler et al (I9U0) that DPN can be converted 
enzymatically to TPN. The enzymatic synthesis of TPN from nicotinamide, ribose and ATP by 
pigeon liver extracts has recently been demonstrated by Altman and Evans (19^7)* 

These coenzymes can be adsorbed on alumina and eluted with phosphoric acid. This is 
a method of separating the two since TPN is held more firmly than DPN (Euler and Schlenk, 

1956) . 


The most reactive part of the molecule, both chemically and biologically, is the nico- 
tinamide residue, which readily and reversibly takes on hydrogen (electrons). Both nucleo- 
tides are easily reduced by sodium hydrosulfite, forming dlhydrldes. In alkaline solution 
a transient yellow color appears during reduction. This was su gg ested by Adler et al 
(1956) to be an intermediate stage where one electron has been accepted and a "free radi- 
cal exists. The reduced coenzymes possess an absorption maximum at ^k -0 ny which is absent 

from the spectrum of the oxidized forms. Both DPN and TPN are rapidly destroyed by ultra- 
violet light. 


Several methods are available for determination of DPN. Myrback (I928) found that 
yeast fermentation could be used as a measure of DPN when the DPN of the yeast preparation 
was washed away with cold water. Jandorf et al (19^1) provided another biological method 
in which glycolysis was measured with DPN the limiting factor j the reaction Involved was 
the conversion of hexosedlphosphate to phosphoglycerlc acid and glycerophosphate. Chemical 
methods, equally applicable to both pyridine coenzymes, have been used, in which the co- 
enzyme was reduced with hydroaulflte and absorption at 5^0 ^ measured. One such procedure 
was recently described 1:^ LePage (19^7)* This does not differentiate between the two 
nucleotides, but is satisfactory where only one is present. 


In this assay, 0.10 mi. of a 1 per cent solution of the material to be assayed is 
added to each of two I50 x 15 mm. test tubes. To the first is added 0.40 ml. of water and 
0.50 ml. of a freshly prepared 1 per cent sodium bicarbonate solution. To the second is 
added 0.20 ml. of water, 0.50 ml. of the bicarbonate solution and 0.20 ml. of a freshly 
prepared solution containing 5 per cent sodium hydroaulflte in 1 per cent sodium bicar- 
bonate. The solutions are incubated 20 minutes at room temperature; then to each is added 
9.0 ml. of a 1 per cent sodium blcarbonate-l per cent sodium carbonate solution. They are 
aerated vigorously for 5 minutes, then absorption is measured at 340 and with a 1 cm. 
cell. The extinction coefficient X llB = ^DPN^. 


TPN can be measured biologically with a system consisting of giucoBe-6-phoaphate and 
its dehydrogenase, yellow enzyme and oxygen. The rate of oxygen uptake is proportional to 
the TPN added. This is the method of Warburg et al (1935a). 


A number of procedures are available for preparation of DPN. Comments on these were 
recently made by Schlenk and Schlenk (I947). The moat recent method, by LePage (I9U7) 
like most of the others uses yeast as a starting material. It provides a relatively simple 
procedure which gives high yields of DPN, roughly 67 per cent pure. The impurity, which 
is adenylic acid, is relatively easily removed if desired. The essential steps are as 
follows: fresh baker's yeast is crumbled into water held at 90 - 92*^ C. The suspension 
la cooled and filtered. The filtrate is treated with basic lead acetate, the precipitate 
filtered off and discarded. DPN is precipitated from this filtrate with silver. The sil- 
ver salt is decomposed with hydrogen sulfide and DPN precipitated as the free acid by addi- 
tion of acetone. This crude preparation is purified by fractlonatron with lead in alcohol- 
water solution, precipitated as free acid with acetone, then adsorbed on charcoal and 
eluted with pyridine - water. Precipitation of this material now gives the 67 per cent 
piurlty previously mentioned. The final purification for removal of adenylic acid is ac- 
complished by solution of the DPN in acid methanol and precipitation with ethyl acetate. 


This includes use of the latest molecular extinction coefficient available to us in the 
literature (1938), but by personal communication from Prof. 0. Meyerhof, we are Informed 

that P. dilmeyer has obtained DPN of purity such that the molecular extinction coeffici- 
ent should be raised by some 11 per cent. 
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.rN f'onc tions have not been as extensively studied^ but several TPN- linked dehydro- 

xnovn; for exaniple^, the glucose - 6 -phosphate dehydrogenase mentioned earlier 
isr citric acid dehydrogenase are both TPN-linked. ^ 


THIAMINE 


!ieuberg and Karczag (I 9 II) found an enzyme in yeast which, catalyzed the decarboxyla- 
tion of pyruvic acid to acetaldehyde and carbon dioxide* The decarboxylation of this and 
ether a-keto acids has since asaun^d considerable Importance in yeast and animal tissues. 
Auhagsn ^ 1932 ) shoved that a coenzyme was necessary for this enzyme. It could be removed 
fron yeast ly washing with alkaline phosphate buffer. He also demonstrated its presence 
in aninal tissues. I^iihaaann and Schuster (1957) isolated this coenzyme^ which had become 
knovn as cocarboxylase^ and demonstrated that it was thiamine pyrophosphate. 


nmrt. 


Besides yeasty Auhagen has reported the presence of cocarboxylase in llver^ kidney, 
and blood. Hone was foiind in muscle, though recently its presence in small amounts 
reported there. Its presence in rat brain and liver was observed by Slmola. 
reports the presence of cocarboxylase in a large number of vegetables. In animal 
tissues the largest amoTOts are found in liver and kidney. The structure of cocarboxylase 

in Formula III. 
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FORMULA III 



Thiamin pyrophosphate - cocarboxylase 
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As with inorganic pyrophosphate, one molecule of phosphate is readily removed by acid 
hydrolysis. It is split off "by hydrolysis in 1.0 N HCl at 100° C. for 15 min. The other 
is more resistant. Alkaline oxidation with ferricyanide produces a phosphorus-containing 
product with "blue fluorescence in ultra-violet light, (thiochrome reaction). The absorp- 
tion spectrum shows 2 bands with maxima at 2U5, and 260 which is the same as given for 
thiamin. Cocarboxylase is an amphoteric substance. Cataphoretic experiments with the 
Theorell apparatus show a migration toward the cathode at a pH more acid than 5.8, eind to- 
the anode at pH s above 5*8. 


Lohmann' s discovery that cocarboxylase contained thiamin was of great interest because 
it offered a definite function for vitamin B]^. A decrease in the cocarboxylase content of 
the tissues had previously been observed in - deficient animals. Lohmann and Schuster 
( 1957 ) showed that cocarboxylase could replace vitamin Bj^ in the treatment of B 2 ^ deficient 
pigeons, and that it was active in the catatorulin test of Peters. Pyruvic acid accumu- 
lates in the blood and brain in vitamin B]^ deficiency. Disappearance of pyruvic acid and 
normal carbohydrate metabolism is restored upon addition of the vitamin (Peters 1958, 1957, 
Sherman and Elvehjem I 958 ) . As cocarboxylase contains this vitamin, and definitely f\inc- 
tlons in the decarboxylation of pyruvic acid in yeast, the hypothesis was advanced that in 
animal tissues vitamin R. serves as a precursor for cocarboxylase and that it likewise 
functions in decarboxylating pyruvic acid. However, it has been shown that animal tissues 
certain bacteria do not decarboxy late pyruvic acid directly like yeast, but instead 
oxidize it to acetic acid and COg, either by dismutation under anaerobic conditions (with 
1 molecule being reduced to lactic acid) or directly. Lipmann (1957) finds that acetone 
preparations of L. Delbruckil can dehydrogenate pyruvic acid to acetic acid and CO^, and 
vet not carry out direct decarboxylation, and regards cocarboxylase as the prosthetic 
group of the pyruvic dehydrogenating enzyme. The presence of free phosphate is necessary 
for the dehydrogenation; arsenate will work equally well. The dehydrogenation la in epen- 
dent of any dismutation. Lohmann and Schuster (1957) had suggested that cocarboxylase, as 
a prosthetic group, may combln# with one protein in yeast and with others in other t ssues, 
and it may be that in Lipmann' s observations it is combined with a protein component form- 
ing a pyruvic acid dehydrogenase. In this connection it is of Interest to note Lipmann s 
(1958) observations on the hydrogenation of thiamin. He found that by hydrogenation w 
sodium hydrosulfite, one molecule of thiamin took up 2 atoms of hydrogen, and concluded 
that the hydrogenation takes place at the double bond adjoining the quaternary roge 

the thiazole part of the molecule: 
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was a concentrate prepared by addition of lead acetate to 
precipitated lead salts were decomposed by ^S, and the 
with barl\im. A modification and extension of this 
ce was given by Au ha gen with wlilch he prepared a concen- 
the yeast Juice. The co carboxylase was not prepared in 


lohmann and Boliuster prepared pure crystalline cocarboxylase from brewer yeast. 

The cocarbojqirlas© was extracted from the yeast by boiling water and precipitated from 
alkaline solution baidurn. A mixture of dilute HNOz and B^S 0 i|_ was used to ©lute the 
coenzyme from the barium precipitate. Further purification was accomplished by precipita- 
tion with ethanol and methanol, adsorption on Frankonlte iOL and elution with pyridine, 
fractional precipitation with methanol -ether, precipitation with picric acid, precipitation 
with phoephotungstic acid and finally crystallization of the hydrochloride. 100 kg. of 
yeast yielded 700 to 800 ing. of the crystalline hydrochloride of cocarboxylase. 

Cocarhoxylaae has been synthesized from thiamin by enzymatic and chemical methods. 
Kinnersley and Peters report its synthesis by live yeast. Euler and Vestin observed syn- 
thesis of cocarhoxylase by the interaction of inorganic phosphate, adenosine triphosphate. 
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and thiamin in the presence of dried "bottom yeast. Tauter reported its synthesis from 
thiamin and orthophosphate hy means of an enzyme of the duodenal mucosa of the pig# Ochoa 
and Peters were unahle to synthesize cocarhoxylase with intestinal mucosa^ but succeeded 
with liver, ^tern and Hofer (1957) synthesized cocarboxylase by phosphoiylation of thia- 
min with phosphorous oxychloride. Tauber^ and Wei j lard and Tauber (1958) report its chemi- 
cal synthesis by the interaction of thiamin hydrochloride and a mixture of sodium pyro- 
phosphate and phosphoric acid. They give a series of experiments to show that synthetic 
cocarboxylase as obtained from synthetic thiamin chloride is in every respect identical 
with cocarboxylase prepared from yeast. Ochoa (1959) 2iade a study of cocarboxylase syn- 
thesis in animal tissues. 


RIBOFLAVIN 

Warburg and Christian (1952) isolated from yeast a yellow conjugated protein which 
they called the "yellow enzyme". By treatment of it with methyl alcohol they could re- 
solve it into a colorless protein and a yellow coenzyme. Shortly afterward Kuhn et al 
(1955) isolated lactoflavin, the substance responsible for the yellow-green fluorescence 
of whey# The properties of this milk flavin were soon found to be identical with those 
of the prosthetic group from Warburg and Christian* a "yellow enzyme"# Both Kuhn (1955) 
and Karrer’s (1955) laboratories independently determined the structure and accomplished 
the synthesis of the compound. It has since been found to be present in a wide variety of 
animal tissues, microorganisms and plants# It was fo\md by Kuhn, Rudy and Weygand (195^) 
that the enzyme contained phosphate. They demonstrated that this was on the 5"Position in 
the ribityl group. Formula V illustrates the structure of lactoflavin. 
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Alloxazin© adenine dinucleotide 


This is the form which is found most widely distributed in tissues. 

Warburg and Christian's method of preparation for this dinucleotide can be briefly 
summarized as follows: a yeast suspension is heated to 75° C., filtered, and the filtrate 

■z with am mo nium sulfate# The solution is extracted with phenol. The phenol 

are mixed with ether and extracted with water. The di nucleotide is in the water 
extracts. The ether is evaporated off and the solution acidified to pH 2 with nitric acid. 
The dinucleotide is precipitated with silver and the silver salt decomposed with ^S. The 

dinucleotide becomes adsorbed on the silver sulfide and can be eluted with dilute barium 
acetate # 


The di nucleotide has a cliaract eristic lemon-yellow color and a green fluorescence. 

It has absorption maxima at 275 ^ 577 and 465 nj;. Hydrosulfite reduces It to the colorless 
or leuco-form, which can in turn be reoxidlzed by molecular oxygen. The reduction, in the 
case of the moAonucleotide, is Illustrated in Formula V. Biological activity of the di- 
nucleotide is destroyed by short exposure to N alkali at room temperature or to N HCl at 
100^ C. The compound can be determined by measurement of its fluorescence. It is de- 
stroyed by exposure to ultra-violet light. 


Rlbose and rlbltyl groups in Alloxazin© adenine dlnucleotid© are of D configuration 
Instead of L as shown. 
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Flavoproteins can "be split into the protein and flavin coenzyme by dialysis against 


dilute acid or by acidifying in the presence of large concentrations of ammonium sulfate. 
It is possible to recombine them without loss in activity when an excess of the flavin is 
used. 


Thus far at least nine flavoprotein enz3rmes have been described. Since they will be 
covered in more detail in other chapters, it will suffice to merely mention them here as 
follows : 

1. Warburg and Christian's (1932) "old yellow enzyme". 

2. The d-amino acid oxidase identified by Krebs (1935)* 

3. The "new yellow enzyme" of Haas (1937)* 

4. The "Straub yellow enzyme" (1959) isolated from heart - probably identical 

with that of Haas isolated from yeast. 

5- The "crossed yellow enzyme" of Warburg and Christian (1938a) which was the 
protein of the "old yellow enzyme" combined with alloxazine adenine di- 
nucleotide. 

6. "Xanthine oxidase" purified by Ball (1959)- 

7* "Fumaric dehydrogenase" discovered by Fischer and lysenbach (1957)* 

8. "Aldetiyde oxidase" isolated from liver by Gordon et al (1940). 

9* "Cytochrome C reductase" isolated by Baas et al (194o). 


PYRIDOXINE 

The function of another B-vitamin, referred to as vitamin Bg and now known as pyri- 
doxins, has also been shown to be in the structure of a coenzyme. As early as, 1940, Gale 
reported studies of the tyrosine decarboxylation enzyme system in lactic acid bacteria. 
Bellany and Gunsalus (19^5) found that more pyridoxin© was required for production of this 
enzyme in the bacteria than was required for maximum growth. Gunsalus and Bellan^ (1944) 
snggested the function of pyridoxin© might be as a coenzyme for this decarboxylase. Gal© 
and Epps (1944a) prepared the specific enzyme and coenzyme for lysine decarboxylation and 
reported the codecarboxylase to be a pyridoxins derivative. Snell (1944) had found that 
the pyridoxins derivative which was active in stimulating the decarboxylase activity of 
lactic acid bacteria was pyridoxal. The structures are given in Formula VII. Simultane- 
ous with Gale and Epps report was one by Gunsalus, Bellamy and Umbreit (1946), that the 
coenzyme of a tyrosine decarboxylase in bacteria was a pyridoxal phosphate. They demon- 
strated that pyridoxal itself was inactive, but that addition of adenosine triphosphate 
permitted formation of the active coenzyme by the bacterial preparation. Synthetic pyri- 
doxal phosphate was also active. Gal© and Epps had somehow missed the phosphate in the 
coenzyme and reported it free from phosphate. Further publications by Umbreit, Bellany 
and Gunsalus (19^5), Umbreit and Gunsalus (1945), Wood, Gunsalus and Umbreit (1947) and 
Lichstein, Gimsalus and Umbreit (1945) have established more widespread activities for 
this CO enzyme. It has now been demonstrated that pyridoxal phosphate is the coenzyme for 
'a variety of amino acid decarboxylases, for transaminases and for tryptophanase . 

A claim by Karrer and Vlsoontlnl (1947) that a synthetic pyridoxal-5 -phosphate pre- 
pared in their laboratory had the codecarboxylase activity was refuted by Gunsalus and 
Umbreit (1947)* The exact position in the pyridoxal molecule \Aiere the phosphoric acid 
group is attached remains in some doubt. 


FORMULA VII 



pyridoxlu© pyridoxal 



The coenzyme can be prepared synthetically bv the action o-p Pom 
cold. The active material can then be concentLtL^? action of POClj on pyridoxal In the 

line solution to rid the solution of inorffanlc ohocnVi^ Precipitating with barium in alka- 

the barium salt of the coenzyme. Preparation oP th^ ^ adding alcohol to precipitate 

by extracting the dried yeast with dilute barium hvlrov??^^^ from yeast is accomplished 

yeast is that of Gale and Epps (1944b). ^ linsaius (I 945 ). The preparation from 

.tlcn maS from bacteria 

.arburg reaplrometera with tyrosine and the toet'samBlt Inoubated In 

tion vathout ATP added L rmeLniro? J ® measured. The carbon dioxide libera- 

measure of both ctttttrMrJlf ftS pJrtttSl “ 


PANTOTHENIC ACID 

a,d cfneeS ^ 12 el^' 

tac acetylation of sulfanilamide required a heat-stable coenzyn^. ^fhaf re^errS trtS^' 
acetylation cofactor as coenzyme A". Lipmann and Kaplan (I946) demonstrated that coenzvme 
was also the coenzyme for the enzyme in nerve tissue which is involved in the synthesis 
ox acetyl choline. It seems likely that this factor is a coenzyme f 0 ^ 00 ^ 10 ^x 0^0 

(19'+7) were able to demonstrate that their coenzyme A 
ontained approximately 10 per cent of pantothenic acid. Further studies demonstr^ed that 

cont ^t preparations, the coenzyme A activity was correlated with pantothenic acid 


•n so^what different function for the pantothenate coenzyme has been postulated by 

^ ^ ( 9 )> who report that pantothenic acid is concerned in oxidation of pyruvic 

acid by certain bacteria. More recently McElroy and Dorfman (1948) present evidence which 
see^ to localize their coenzyme effect on a reaction involved in the utilization of acety- 

methylcarbinol, formed by the bacteria in pyruvate oxidation. Thus there appears to be a 
multiple flmctlon for this coenzyme. 

It would seem from the distribution of pantothenic acid, that the coenzyme la widely 
distributed. Lipmann and coworkers use pork liver as a source of their concentrates. 

coenzyme A is not yet available in pure form, the chemical properties and struc- 
ture are unknown. It is reported to contain phosphorus. Pantothenic acid has been syn- 
thesized and its structure is known. 


FORMULA VIII 



HO-C^-C -CH0H-C0-N-CB2-C]^-C00H 


CB^ 


H 


Pantothenic acid 


BIOTIN 

The function of biotin in metabolism la undoubtedly as a component of a coenzyme or 
coenzymes. Its exact role is still in doubt. Koser^ Wright and Dorfman (19^2) reported 
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that growth of Torula cremoris was Inhibited in biotin deficient media, and that the in- 
hibition was largely prevented if adeq.uate aspartic acid was supplied* Lardy, Potter and 
Elvehjem (19^7) found that oxaloacetic acid could replace aspartic acid in this respect 
for L. arabinosus 17”5* They found that bicarbonate greatly stimulated growth in the pre- 
sence of biotin but not in its absence. This made it seem likely that biotin was involved 
in the reaction of Workman and Wood (19^2) in which carbon dioxide is fixed by condensation 
with pyruvic acid to form oxaloacetic acid. Support for this concept from different data 
was provided by Shive and Bogers (19^7) at the same time as that of Lardy et al. Lichstein 
and Umbreit (19^79-) were able to obtain bacterial preparations which would enzymatically 
decarboxylate oxaloacetic acid to pyruvic acid and carbon dioxide. They were able to 
demonstrate the inactivation, presumably dissociation of a co fact or, of the enzyme by in- 
cubation of it at pH U.O. On addition of biotin, activity was restored. This would seem 
to establish biotin as a coenzyme for the decarboxylation reaction (and reverse). Winzler, 
B\irk and du Vigneaud (19^^) had found that biotin-deficient yeast cells were markedly 
stimulated by biotin to take up ammonia. Lichstein and Umbreit (19^7b) report that the 
deaminases of aspartic acid, serine and threonine may be resolved by Incubation at pH i4-.0 
and that they too are reactivlated by biotin. Lardy and Robertson* have found in experi- 
ments with rats that labelled bicarbonate injections result in appearing in the 

adenine and guanine of the tissue nucleic acids. The fixation occurs to a much smaller 
extent in biotin deficient rats. It appears that biotin may be found to have mxiltlple 
functions as a coenzyme. 


It is not yet apparent whether biotin, as such, is all or a part of the coenzyme 
structure. Biotin itself has been synthesized and the structure is known. 


FORMULA IX 




H-C 


C-H 




CHg — ■— CH2 ~ COOH 


Biotin 


FOLIC ACID 

Folic acid has recently been synthesized and the structure determined, p-aminobenzoic 
acid is a component of the structure. By inhibition analysis, Shive and Roberts (19^6), 
demonstrated a requirement of p-amlnobenzolc acid in purine synthesis by bacteria. When 
its presence in the folic acid stricture became apparent, it was natural to assume that 
the necessity for p-amlnobenzoic acid in purine synthesis was due to a folic acid require- 
ment in purine synthesis. Shive et al {l9i^-7) demonstrated with a bacterial preparation 
that inhibition of purine synthesis with sulfonamides resulted in accumulation of an amine 
which could be construed- as a precursor in puxine synthesis. It lacked one carbon of the 
pyrimidine ring of the purine. Gordon et al {I 9 W) prepared foimyl folic acid and found 
it more active biologically than folic. Ey inference, it appears that the function of 
folic acid may be as coenzyme for the reaction in which the extra carbon is supplied to 
complete purine synthesis, this carbon being fixed in the pyrimidine ring via the fomyl 
group of folic acid. 


Lardy, H. A. and Robertson, P., personal communication. 
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FORMULA X 


H H 

1 I 

HOOC-C N 

CHg 

CH2 

COOH 



« 



Folic acid (pteroyl glutamic acid) 


ASCORBIC ACID AND GLUTATHIONE 

discovery, ascorbic acid has been suggested as a hydrogen carrier, 
animal tissues in amounts compatible with hydrogen transport or coenzyme 
-unction. The same comments can be made concerning glutathione. It is widely distributed 
in animal tissues too. Both compounds occur in the oxidized and reduced forms in tissues 
and tissues are known to be able to oxidize or reduce them. There appears to be some in-^ 

between the two. This relationship was discussed by Hopkins and Morgan 
^i 93 bj. Their possible fimction as hydrogen carriers was discussed by Potter (1940). 

Some indication of the function of ascorbic acid as cofactor in glutathione oxidation by 
mouse kidney was reported by Ames and Elvehjem (1946). However, it is not possible to 
classify either of these compounds as a coenzyme and define its function at present. It 
seems more reasonable to assign to them a role in control of oxidation- reduction potential 
of the tissues. Glutathione is known to prevent inactivation of the sulfhydryl groups of 

enzymes. For example, Rapkine (1958) demonstrated its value in activation of phosphogly- 
ceraldehyde dehydrogenase. 
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INTRODUCTION 



A dehydrogenas© may te defined as an ©nzvni© which ncUvn-hoa v, j 

a metabolite so that they are capable of being transferred from thp atoms of 

able acceptor. The first hydrogL acceptor my bnS^eJ or ?t mv Z Trl " 

occurs naturally in the tissues. In the study of dehydrogenases, one may ua©°^er^wlth^^ 

one correc oxidation- reduction potential in place of naturally occurring acceptors. 

The cata^tic process by which hydrogen is activated and removed from a metabolite la 

leiand U92-). The conditions necessaiy for activation and for hydrogen transport to take 

have 3 hown that dehydrogenases can act in the presence of oxygen and, undS^sSlaSe coM? 
y-ons (with the exception of uricase), they are also active in the absence of oxygen. This 
is shown by the fact that under anaerobic conditions they decolorize dyes of the proper 
potenoia-. This- is important because it is the basis for distinguishing between Lhjdro- 
genases and oxidases, since the latter act only in the presence of molecular oxygen. 


The decolorization that results from the reduction of dyes makes it possible to deter- 
mine whether enzymes that can catalyze anaerobically the dehydrogenation of organic com- 
pounds such as gluoose, ethyl alcohol, and succinic and malic acids are present in living 
i/issues or in extracts of tissues. It should be pointed out, however, that in order for 
this reaction to take place, many of the dehydrogenases require the presence of coenzymes 
such as the pyridine nucleotides, and other enzymes such as flavoproteins . These other 
i actors occur naturally in tissues, although it is sometimes necessary to add them under 
experimental conditions in order to insure the action of the dehydrogenase. 


Thunberg (I 918 , I 920 ) developed the simple dye technique, which has been used exten* 
sively for the detection and study of dehydrogenases in living tissues, including animal 
tissues, bacteria, yeasts, and in seed plants according to Berger and Avery (19^3, 1944). 
The early work consisted mainly of adding various compounds or metabolites to these tissues 
in the presence of a suitable dye which was usually methylene blue (MB), eind observing the 
rate of decolorization of the dye. Under standard anaerobic conditions the time required 
for complete decolorization is inversely proportional to the amount of enzyme present. 
Under aerobic conditions this reaction is also of value for quantitative estimations. The 
colorless leuco-base form of the dye that results from the action of the dehydrogenase is, 
in the presence of molecular oxygen, oxidized to the colored form. This consumption of 
oxygen can be measured as an index of the activity of the enzyme present. Results obtained 
by these procedures are limited in the sense that they do not answer many of the questions 
as to the mechanism of the action, the cofactors required, and other conditions necessary 
for the action of the different dehydrogenases. 


Dehydrogenases In Reconstructed Systems 

Much of the more recent work on the dehydrogenases has been directed toward their 
purification and isolation, and studies of them in reconstructed systems. Much work Is 
usually required to reconstitute a system as to carriers and cofactors so that respiration 
will take place, as Indicated by oxygen uptake and the oxidation of a particular metabolite. 
For example, the mechanism of the action of succinic dehydrogenase has been studied exten- 
sively. This system is now known to consist of succinate, succinic dehydrogenase, cyto- 
chrome c, cytochrome oxidase end oxygen. Apparently there is also an additional factor 
contained in tissues which is required to link the dehydrogenase to cytochrome c, but this 
factor has not been identified. Several other systems are quite well understood, as will 
be seen in the discussions of the Individual dehydrogenases. 

The question arises as to whether the reactions that are demonstrated In reconstructed 
Bys'tems also occur in intact cells or tissues. It should be pointed out (l) that the pres- 
ence of dehydrogenases can be demonstrated within Intact cells by the Thunberg method. 
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(2) that they are specific for particular hydrogen acceptors, (3) that the oxidation and 
reduction of cytochromes take place in living cells, and (4) that these same reactions and 
specificities are known to hold in the reconstructed systems. In view of these facts, it 
seems reasonable to assume that the reactions of reconstituted systems may also take place 
in intact living cells. It should he recognized, however, that the orientation of the 
various constituents within the cell probably results in a selection and direction of cel- 
lular reactions, and that these reactions may be redirected or even replaced by other re- 
actions in accordance with the changing environment and req.ulrements of the cell. This 
leads to the realization that results obtained should be treated cautiously when the activ- 
ities of Intact living cells are considered. On the other hand, it should be emphasized 
that work on the development and use of reconstituted systems has resulted in the accumula- 
tion of much important information on the conditions required for the action and the mecha- 
nism of action of dehydrogenases. 

Specificity and Classification 

The dehydrogenases have been found, as a rule, to be highly substrate- specific . The 
main exceptions are D-amino acid, L-amlno acid, aldehyde, and the amine and xanthine 
dehydrogenases, which are group specific. The L-form of the substrate is the one usual- 
ly activated, an outstanding exception being D-amino acid dehydrogenase which activates 
only D-amino acids. Furthermore, the dehydrogenases are quite specific as to the first 
acceptor of the activated hydrogen. There are, however, some interesting exceptions. In 
some cases it appears that the first hydrogen acceptor specificity depends on the kind of 
tissue with which the enzyme is associated, although the reason for these differences is 
unknown. Thus glutamic acid dehydrogenase of yeast and Escherichia coll ( Bacillus coll ) 
is specific for TPN ( triphosphopyrldlne nucleotide, coenzyme II) and that of plant tissues 
for DPN ( diphosphopyridine nucleotide, coenzyme I, cozymase), while the enzyme of animal 
tissues uses DPN and possibly also TPN. At least glutamic dehydrogenase of animal tissues, 
in the presence of a -ketoglutarate and ammonia, catalyzes the oxidation of reduced TPN as 
well as reduced DPN. Lactic dehydrogenase of animal tissues is DPN-specific and that of 

yeast is cytochrome c-specific. Similarly there are DPN- and cytochrome c-specific 
a-glycerophosphate dehydrogenases. Both of these are found in animal tissues. 

The first acceptor of the activated hydrogen of the metabolite is also Important from 
the standpoint of classification. On this basis the better known dehydrogenases are di- 
vided into two main groups. The first group contains those enzymes which activate hydrogen 
to react directly with oxygen. They are known as aerobic dehydrogenases . The second group 
includes the enzymes which activate hydrogen to react directly with a carrier. These are 
known as anaerobic dehydrogenases . The latter is the larger group and is divided into two 
sub-groups, depending on whether the first electron acceptor is a component of the cyto- 
chrome system, or a pyridine nucleotide coenzyme. There is a third group which consists 
of unclassified dehydrogenases whose mechanisms of action are less well understood. This 
is essentially the classification given in the first edition of Eesplratoi^y Enzymes 
(Elvehjem and Wilson, 1939) and in the recent review by Potter (1948). The dehydrogenases 
are classified according to this scheme in Table 1. Information on the better known un- 
classifled dehydrogenases is given in Table 5. 

The individual dehydrogenases are named according to the substrate on which they act. 
As Potter (19^8) has pointed out, this has led to some confusion concerning the nomencla- 
ture of the aerobic group. Because one substrate is oxygen, they have often been desig- 
nated as oxidases, such as D-amino acid and xanthine oxidases. However, because the 
enzymes of this group activate their substrates to react with dyes in the absence of mole- 
cular oxygen, they have also been referred to as dehydrogenases, and they are so classified 
in Table 1. Their natural hydrogen acceptor is oxygen, and the hydrogen peroxide formed 
is decomposed to hydrogen and oxygen by catalase. 
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TABLE I 


Classification of Dehydrogenases According to Substrate and Hydrogen 


Accept#? 


General Class 


Aerobic Dehydrogenases 


Anaerobic Dehydro- 
genases 

Cy to chrome - 1 1 nke d 


Pyrldlne-nucleotlde- 

llnked 


Unclassified 


f 


N 


ame 


Xanthine dehydrogenase 
D- Amino acid dehydrogenase 
L- Ami no acid dehydrogenase 

Glycine dehydrogenase 
Uric acid dehydrogenase 
( nrlcase) 

Aldehyde dehydrogenase 
Amine dehydrogenase 
Diamine dehydrogenase 

Succinic dehydrogenase 
ct -Glycerophosphate dehydro- 
genase 

Lactic dehydrogenase (yeast) 
Choline dehydrogenase 

Malic dehydrogenase 

# 

Lactic dehydrogenase 
( einlmal tissues) 
p-Hydro 3 cy butyric dehydro- 
genase 

Glutamic dehydrogenase 
Isocltrlc dehydrogenase 
Glucose - 6 -phosphate 
dehydrogenase 
Triosephosphate dehydro- 
genase 

cx -Glycerophosphate dehydro- 
genase 

Alcohol dehydrogenase 
Glucose dehydrogenase 
Formic dehydrogenase 

Pyruvic dehydrogenase 
Bydrogenase 


Sub a t r • te 


Hydrogen 

Acceptor 


1 ti 


Xanthine 

xygen 

D- Ami no acids 

-'xygefi 

vL- Amino acids 

# 

xy*?en 

(L- Hydroxy acids 


Glycine 

Oxygen 

Uric acid 

0 xy go n 

Aldehydes 

Oxygen 

Monoamines 

Oxygen 

Diamines 

Gjcygen 

Succinic acid 

Cytochrome c 

a -Giycerophoo - 

Cytochrome e 

phorlc acid 


Lactic acid 

Cytochrome c 

Choline 

Cytochrome o 

Malic acid 

DPH or TP* 


( 21 : 1 ) 

Lactic acid 

DPH or TPM 


( 170 : 1 ) 

0 “Hydroxy butyric 

DP* 

acid 


Glutamic acid I 

DP* or TP* 

Isocltrlc acid 

1 TP* 

Gluco 8 e- 6 -pho 0 - 

TP* 

phorlc acid 


Trlosephoaphorlc 

DPM 

acid 


a -Glycerophoa- 

DPN 

phorlc acid 


Ethyl alcohol 

DP* 

Glucose 

DPN 

Formic acid 

DPN 

Hrruvic acid 


Molecular hydrogen 1 

Oxygen 


Mechenism of Dehydrogeneae Actioe 

Compounds of various kinds are oxidized as a result of being actlrated bj delqrdra- 
genases. a -Amino acids^ ethyl alcohol^ and lactic^ malic^ isocitric and aucclnlc acide, 
as well as certain other compounds, are oxidized by the direct renoTal of two 
This type of oxidation is represented by the following equation for succinic acid: 



)OC-C^-CE^-COOH ^ ^02 
Succinic acid 


H00C-CH=CH-C00H 

Fumarlc acid 




It is not so evident, however, that the oxidation of aldehydes, and a -keto acids, such as 
pyruvic, is accomplished by the mechanism of dehydrogenation. In the case of aldehydes. 
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o:xygen is added to the molecule^ even though the reaction takes place in the absence of 
oxygen. Wieland (1922) explained this by assuming the presence of a small amount of hy- 
drated aldehyde in the reaction mixture. This provides the basis for the presently ac- 
cepted explanation of the dehydrogenation of aldehydes anda -keto acids. They first under- 
go liydration at the respective aldehyde and keto groups^ and this is followed by dehydro- 
genation in the presence of the enzyme, providing a suitable hydrogen acceptor is present. 
Decarboxylation also occurs in the case of pyruvic acid. The following equations, in 
which methylene blue (MB) is used as the acceptor, are representative of this type of re- 
action: 

CB^0H-( CH0H)i^-CH0 ► C^0H-( CH0H)j^-CH( 0H)2 Dehydrogenase MB 

G-lucose Glucose hydrate ^ 

CH20H-(CEOH)4COOH + MB.B2 

Gluconic acid 


C^-CO-COOH ► C!^-C( 0H)2”C00H Dehydrogenase MB 

Pyruvic acid Pyruvic acid 

hydrate 


CH3-COOH + CC^ + MB.:^. 
Acetic acid 


The oxidation of xanthine and hypoxanthine are other examples of hydration followed by 
d ehy d rogenation. 


More recent investigations reported by Lipmann (1939Q') show that inorganic pliosphate 
may take the place of water in the "hydration" process. As a result of oxidation, the 
phosphate becomes fixed as acyl phosphate. The generation and utilization of energy- rich 
phosphate bonds are discussed elsewhere. The reaction for pyruvic acid is represented as 
follows : 


CH^-CO-COQH ^PQl|. ^ CBs-C( OH) QPCb;g:)-C00H Dehydrogenase ^ CH^-CO-OPO^^ + 2H + CC^ 

Pyruvic acid Pyruvic acid Acetyl phosphate 

phosphate hydrate 


Another example of this type of dehydrogenation involves the addition of phosphate to the 
aldehyde group of phosphogly ceric aldehyde before it is oxidized to 1,3-dlphosphoglycerlc 
acid. 


When the activated hydrogen of a specific substrate does not react directly with oxy- 
gen, as is the case with anaerobic dehydrogenases, the reaction becomes more complicated 
because carriers and other enzymes, in addition to the activating dehydrogenase, take part 
in the reaction. The entire mechanism by which the hydrogen is transported is spoken of 
as a system, such as the succlnoxldase system or the malic dehydrogenase system. Each of 
the hydrogen atoms from the substrate loses an electron, which results in the formation of 
hydrogen ions. Both the electrons and the hydrogen ions take part in the process of hydro- 
gen transport. The transfer of electrons is the common factor of biological oxidation by 
dehydrogenation, as is the case for all oxidations and reductio^os. 

The hydrogen ions of the cytochrome -linked dehydrogenase systems, such as the succln- 
oxidase, come into equilibrium with the buffer system of the reaction medium, whereas the 
electrons are carried over the cytochrome system by alternate reduction and oxidation of 
cytochrome c. In the presence of cytochrome oxidase, electrons from reduced cytochrome c 
unite with oxygen atoms to form oxygen ions, which then unite with hydrogen ions from the 
buffer system to form water. Thus the mechanism of dehydrogenation in systems of this kind 
is more complicated than is indicated when the overall reaction is written in the simple 
form of direct dehydrogenation -with the formation of water. 

Dehydrogenase systems in which the cytochrome system functions are inhibited by cy- 
anide, but are active in the presence of cyeuiide providing an autoxldizable dye of correct 
oxidation potential is present. This is due to the fact that the cytochrome oxidase of the 
system is the site of action of the cyanide and a dye which la not affected by cyanide can 
take the place of the oxidase in the reaction. 


10c 


respiratory enzymes 



DPN and TPN as Hydrogen Acceptors 

TPN acceptors of the pyridine nucleotide dehydrogenases are DPN 

iPh Some dehydrogenases react with DPN and others with TPN. In thf Dre.f«nl 

dehydrogenase, the coenzyme is reduced as it receives the actlvaLfl La 

strate. Then the hydrogen of the reduced coenzyme is acLLLl L - 

=hL^‘c!"' lye such as mothylaL SuerorvIS'^o- ''' 


ly rai:::d°sihi”f3nc: “‘ci“Sai:s:ri;:rthSf “ «« -pid- 

and choline dehydrogenases. The reduction of ferrlcv^lde LLiL Lri ^ J succinic 

nokor-oLd^th^t as lactic, malic and glutamic. DiSn and ZeSaL®’ 

Lii°- t ^ hydrogen acceptors for alcohol and malic dehydrogenases of veast 

c.ail inoo three groups on the basis of whether or not they require the presence of DPN 

J.ZZ cytochrome require both tLse substLceL LnzoquLne 

vhLoas LlSS^^ioLS®\^?^ potassium fern cyanide require DPN but not flavoproteL; 

iodine, hydrogen peroxide and dibromophenolindophenol do not require 
® N^or ilavoprotein. The reduction of the compounds in the latter group in the 
P-esence oi the dehydrogenases and their respective substrates, in the absence of coenzyme 
indicates that the dehydrogenases are complete enzymes and do not require the coenzymes as' 
prosthetic groups in order to activate their substrates* 


The combination of coenzymes, such as DPN, with dehydrogenases such as the lactic 
enzyiEe, is temporary, due to the slight affinity between the two substances. Althoiigh the 
inicage -s weak and temporary in nature, the coenzymes function with the dehydrogenases in 
essentially the same capacity as firmly hound prosthetic groups such as, for example hema- 
tin in the case of peroxidase. Baldwin (1947) states that the difference between coenzyme 
and prosthetic group in relation to the oxidation of their substrates is one of degree 
rather than of kind. It is of relatively little importance whether or not coenzymes such 
as DPN are considered as prosthetic groups of dehydrogenases providing the functional 
significance of the various parts of the partlciaar system is clear. The reader is refer- 
red to Baldwin (1947), Schlenk (1945), and Ochoa (1946) for further discussion of this 
subject. 


Dehydrogenases have been found to catalyze reversible reactions, the equilibrium 
of which depend on the free energy of the reactions. The conditions required for 
the demonstration of reversibility are known in many cases. For example. Green and 
Brosteaux (1936) showed that lactic dehydrogenase, in the presence of DPN and lactate, 
oxidizes the lactate to pyruvate and reduces the DPN. That the reverse reaction is cata- 
lyzed was shown by the fact that reduced DPN la reoxidized and pyruvate is reduced to lac- 
tate in the presence of the dehydrogenase. The point of equilibrium lies far to the side 
of lactate. For this reason certain of the dehydrogenases have sometimes been called 
reductases. The equilibrium state of a reversible system of this kind can be expressed 
either in terms of the equilibrium constant or the oxidation- reduction potential- 


The Role of Intermediary Carriers 

In cellular metabolism it is important that certain of the dehydrogenase systems are 
coupled through intermediary carriers. This makes it possible for metabolic oxidations 
and reductions to take place in cells and tissues under anaerobic conditions. These 
coupled reactions were once thought to be due to the influence pf a single enzyme which 
was designated as a mutase . Later it was found that reactions of this kind are the result 
of the action of two dehydrogenases which are coupled through a common carrier. These, 
coupled oxidation- reduct ion reactions have been studied intensively by Green and his co- 
workers. They ehowed that for extracts the coupling takes place only in the presence of a 
reversibly oxldlzable and reducible substance such as methylsne blue. For example, lactate 
is oxidized to pyruvate in the presence of lactic dehydrogenase and methylene blue, and the 
reduced dye is reoxidlzed in the presence of fumarate and succinic dehydrogenase since the 
latter catalyzes the reduction of fumarate to succinate. An overall equilibrium is estab- 
lished between these reactants in the presence of the two dehydrogenases. 
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DPN can act as an intermediary "between two dehydrogenases, providing both the enzymes 
are capable of acting with this particular pyridine nucleotide. In the presence of p-hy- 
droxybutyric and alcohol dehydrogenases, 3 “hydroxy butyric acid is oxidized to acetoacetic 
acid, and acetaldehyde is reduced to alcohol. According to Green (19^0) this reaction 
goes almost to completion before equilibrium is established. The reaction is represented 

as follows. 3 "^droxy butyric acid + Acetaldehyde — ^ Acetoacetic Acid + Alcohol. 

The linkage of the triosephosphate and lactic dehydrogenase systems through DPN is de- 
scribed in the chapter on GLYCOLYSIS . Thus the coenzymes are effective intermediaries for 
the transport of hydrogen between different anaerobic dehydrogenase systems in addition to 
the important part they play in the transport of hydrogen to oxygen. It should be pointed 
out, however, that the dehydrogenase system, which catalyzes the oxidation of reduced co- 
enzyme, must have a higher oxidation- reduction potential than the system which reduces the 
coenzyme. 

Eecently Mehler, Kornberg, Grisolia and Ochoa (1947) reported results which show that 
malic and lactic dehydrogenases react to a small extent with TPN and are not exclusively 
specific for DPN as was previously supposed. This has significance in that it provides the 
basis for an explanation of the coupled reaction between isocltrate and oxalacetate on the 
one hand, and malate and oxalsucclnate on the other. Isocitric dehydrogenase is TPN 
specific. The ratio of the activity of malic dehydrogenase for DPN and TPN, and similar 

data for the lactic enzyme, are given in Table 1, and the results for different tissues are 
found in Table 2. 


TABLE II 


Reaction of Malic 


and Lactic Dehydrogenases with Coenzymes* 


Dehydrogenase 

Source 

Coenzyme 
(in optimal 
concentration) 

Initial Rate 
(moles X 10*^ 
per cc. per min. ) 

Ratio 

DPN/TPN 

Malic 

Pig heart (pure) 

DPN 

2.40 




• 


22 


tt If 

TPN 

0.11 



Pig heart (crude) 

DPN 

2.70 






16 


If tf 

TPN 

0.17 



Pigeon liver (crude) 

DPN 

U.70 


* 




l4 


ft n 

TPN 

0.3k 


Lactic 

Beef heart (crystalline) 

DPN 

6.80 






170 


tf tf 

1 

TPN 

O.OU 



Pigeon liver (crude) 

DPN 

3.0k 






101 


tf If 

TPN 

0.03 



These data are taken from a report by Mehler, A. H. , Kbmberg, A. , Grisolia, S. , and 
Ochoa, S. on "The specificities of some dehydrogenases toward pyridine nucleotides." 
Federation of American Societies for Experimental Biology Meetings, Chicago, 111. May 
1947 * An abstract of this report is published in Federation Proceedings, 6, 278, 1947. 
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AEROBIC DEHYDROGENASES 

XANTHINE DEHYDROGENASE 
(Xanthine Oxidase, Schardlnger Enzyme, Aldehydrase) 




.V- " "blue are added to fresh milk in the absence of oxygen 

-„e d^e -s^reduced uo uhe leuco-form and the blue color disappears (Schardinger I 902 ). ^ 

A^e^and (, 1 - 1 -+) shoved that aldehyde is oxidized 'aerobically in presence of milk! Morgan 

and Hopkins (1925) found an enzyme in milk which catalyzes the oxidation of hypo- 
xar. .n^ne and xanthine to uric acid. They confirmed the reports of other workers that many 
— -f-ssues also contain an enzyme which converts these purines to uric acid. 

^nere has oeen much controversy as to whether the purines and aldehydes are activated 
by the same or by different enzymes. Work done mainly by Booth (1955, 1958a), and by Dixon 
and neilin (1956) established that only one enzyme is involved. They showed 'that two en- 
zymes cannot oe separated by ordinary fractionation procedures, and that non- identity can- 
nc* be shown by chemical and physical treatments, or by inhibitors such as cyanide. The 
^ -- the two activities in different tissues and in milk are the same. They 
appear simultaneously during embryonic development, and inhibition by uric acid is the 
same for both purines and aldehydes. The catalytic action is Independent of coenzymes and 
carriers and is effective with the same oxidants. Finally, when purine and aldehyde are 
added together in optimum concentrations no additive effect is obtained. 


According to Morgan (I 926 ) the occurrence of xanthine dehydrogenase In nature is very 
irregular. It is present in milk and in the livers of most animals, although it is absent 
from the livers of the dog, hedgehog and pigeon, and from heart and skeletal muscle. It 
is fo^ind in the -kidneys of the cow, rat and birds, but is absent in other species tested. 
Liver is the only tissue of man in which it is present. It accumulates in the brain of 
mice with yellow fever encephalitis (Bauer, 19^7)* 


Methods of Preparation and Determination 

A number of methods for preparing xanthine dehydrogenase have been reported. Milk 
and liver have been used as sources. Dixon and coworkers (1924a, I 926 ) concentrated it 
from milk by ammonium sulfate precipitation, by treatment with charcoal, by adsorption on 
kaolin at* pH 5*0 ^ elution with dilute bicarbonate solution. 

A more effective method of purification was reported by Ball (1959)* The fat globules 
of fresh whole milk on which the enzyme is adsorbed were separated by centrifuging. On 
treatment with 0.2 M Na 2 HPOl 4 . the enzyme was obtained in the aqueous layer. This extract 
waa digested with pancreatic lipase and after treatment with CaCl 2 , followed by centrifxig- 
Ing a clear yellowish solution of the enzyme was obtained. Concentration was effected by 
use^of ammonium svilfate. The enzyme, which precipitated between 55 and 42 per cent satu- 
ration, dissolved to give a clear brownish solution. It was 500 times more active per 
unit of diy weight than the starting material. The final product gave a Qq2 
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was stable for several months when precipitated and kept under ammonium sulfate at 20*^0. 
The isoelectric point was pH 6.2^ and the molecular weight was calculated to be 7^,000 

(Ball, 1939)- 


Corran, Dewan, Gordon and Green (1959) obtained a flavoprotein from milk that cata- 
lyzed the oxidation of hypoxanthine, aldehydes and reduced DPN. The milk was saturated 
with NaCl at 30‘^G^, and the enzyme was recovered from the filtrate by precipitation with 
ammonium sulfate. Further purification was effected by dissolving the precipitate in 
phosphate buffer and reprecipitating with ammonium sulfate, then with alcohol and adsorp- 
tion on alumina gel. The enzyme was eluted from the gel, and the final product was pre- 
cipitated at a concentration of 58 to 45 per cent saturation with ammonium sulfate. The 
overall yield was 1.8 per cent, and the preparation was about one thousand times more ac- 
tive per milligram of dry weight than the milk. Incubation with cyanide and drying inac- 
tivated the hypoxeinthine and aldehyde activities without affecting the DPN activity or the 
spectrum and chemical properties of the flavoprotein. 


Ball ( 1958 a, 1939 ) reported that solutions of his preparation show an absorption band 
between 400 and 500 mp. This band fades but does not entirely disappear when hypoxanthine 
is added in the absence of air or oxygen, but reappears when air is readmitted to the sys- 
tem. If the spectrum of the reduced enzyme is subtracted from that of the oxidized form, 
a spectrum is obtained which is similar to that of the first yellow enzyme in that absorp- 
tion bands are found at 570 and 465 The prosthetic group can be removed from the pro- 

tein by acidification, by heat and by treatment with alcohol. Partial inactivation of the 
purified enzyme results from prolonged dialysis, but the activity is restored by the addi- 
tion of the group removed during dialysis. The prosthetic group of xanthine dehydrogenase 
is alloxazine adenine dinucleotide (Warburg and Christian, 1958,' Ball, 1958 a); this was 
confirmed by Corran et al. (1959)* 


Ball ( 1939 ) used oxygen constimption as an index of xanthine dehydrogenase activity. 
The reaction mixture consists of 1 ml. of 0.1 M phosphate buffer of pH 7.2 plus enzyme 
solution to make 3 nil. The substrate was 0.2 ml. of 0.05 M hypoxanthine. Corran et al. 
( 1939 ) used the Thunberg method to study their purified enzyme. Axelrod and Elvehjem 
( 1941 ) determined the activity in homogenates of liver tissue by measuring the oxygen con- 
sumption manometrically . 


Specificity and Action 


Xanthine dehydrogenase catalyzes the oxidation of the hydrated forms of hypoxanthine 
and xanthine to xanthine and uric acid respectively. The reaction for xanthine is as 
follows : 


HN C=0 

r I ? 

0 =C C— N. 

1 II >CH( OH) 

HN — C— 

H 


Acceptor 


Dehydrogenase 



Eeduced 

acceptor 


Xanthine (hydrate) 


Uric acid 


The enzyme catalyzes the oxidation of purines such as 6 , 8 -dihydroxy-purlne and 2- 
thioxanthine (Coombs, 1927)* Booth (1958a) showed that 6 -amino- 8 -hydroxy and other purines 
are also oxidized. According to Dixon and Lemberg (1934) the purified enzyme does not oxi- 
dize purines which are combined to form complex compounds, but other enzymes in crude prep- 
arations liberate hypoxanthine so that oxidation takes place. 

Xanthine dehydrogenase is rather unspecific in the sense that many substances, besides 
oxygen and methylene blue, will oxidize hypoxanthine in the presence of the enzyme (Dixon, 
1926 ). These include hydrogen peroxide, indigo dyes, Indophenol, alloxan, chlorates, 
iodine, nitrates, nitrobenzene, permanganate and qulnone. 
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a::d aromatic aldehydes, 
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xanthine enzyme activates both allpha 
The action of the purified enzyme on formaldehyde la repre- 



11^ c 


Acceptor 


Dehydrogenase 


OH 


HCOOH 

Formic acid 


Reduced acceptor 


formaldehyde (hydrate) 


ObO- 0 - • oxidation of purines and aldehydes Is about the same, but It de- 

: -apia^,v -n the case of the aldehydes. Hydrogen peroxide Is formed when hvpoxan- 

HSi--'' oxidized In the presence of oxygen and the deh^rogenase 

" flydrogen peroxide unless It Is decomposed by catalase or by the^peroxldase- 

^^^®“°Slobin. Kellln and Hartree (1945) confirmed the report that hydrogei 
pro uced by the xanthine system. They also showed that the addition of ethyl 

_ of* kind that contains catalase; doubles the bxy- 

"" ihis is because hydrogen peroxide formed In the prlmaiy reaction la usS 

Qconiariiy lor the coupled oxidation of alcohol. 


W 


g 
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-^a^iohine dehydrogenase has a high affinity for hypoxanthine and xanthine. The full 
paction is obtained with concentrations of purine of less than 5 x 10*5 m (Dixon 
and Thuriow, 192i+b) . When this concentration is increased the oxidation rate is decreased, 
ihis appears uo be the result of excessive adsorption of the substrate on the enzyme which 

access to the methylene blue. Booth (1958b) obtained maximum activity with 1.5 x 
. *!.* affinity of the enzyme for aldehydes is much lower, since it re- 

auired j.Oc M acetaldehyde to give maximum activity. The affinity is greater for aromatic 
than for aliphatic aldehydes. 

Green ( 1934 ) demonstrated (1) that the xanthine dehydrogenase system is reversible, 

12) that zne oxidation of hypoxanthine to uric acid is a two-step, reversible oxidation, 
and (3) that there are two equivalents Involved in each step. 


^ tile presence of purines and in the absence of oxygen, xanthine dehydrogenase causes 
a Slow mutase action in that one molecule of xanthine is oxidized to uric acid whereas an- 
other is reduced to hypoxanthine (Green, 1934). According to Booth (I 935 ) the enzyme is 
capaole of catalyzing a reaction between uric acid and aldehydes to give hypoxanthine and 
the corresponding acids. When the enzyme was incubated with uric acid and salicylaldehyde, 
a^nost all the uric acid disappeared; when acetaldehyde, propionaldehyde and furfuraldehyde 
vere irsed the uric acid did not disappear to as great an extent. Booth called this mixed 
dismutation and presented it as evidence that aldehydes and purines are activated by a 
single enzyme. Dixon and Lutwak-Mann (1957) showed that xanthine dehydrogenase does not 
catalyze the diamutation of aldehyde to the corresponding acid and alcohol; instead, it 
catalyzes only the oxidation of aldehyde to acid. 


Physical Properties and Inhibition 


Optimum activity of the enzyme occurs over the range from pH 5*5 to 9*0 (Dixon and 
Thurlov, 1924b). Wieland and Eosenfeld (1950) reported the optimxim range is pH 8.5 to 9'0- 
Green ( 1954 ) showed that the oxidation- reduction potential is highly negative; Eq is -0.571 
for the hypoxanthine-xanthlne system and -O. 36 I for the xanthine-uric acid system. 


Cyanide inhibits xanthine dehydrogenase slowly, irreversibly and eventually completely 
(Dixon qtiH Keilin, I 956 )- Both methylene blue reduction and oxygen consumption are in- 
hibited, indicating that the cyanide interacts with the enzyme Itself and not with some 
associated oxygen activator. This inhibition is different from cyanide inhibition of iron 
catalyzed reactions which takes place quickly, is reversible and depends on cyaMde concen- 
tration. Uric acid protects the enzyme from inactivation by cyanide; hypoxanthine protects 
only in the presence of a hydrogen acceptor. Carbon monoxide, hydrogen sulfide and pyro- 
phosphate do not inhibit. 
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“pie purified enzyme is inhi'bited by traces of copper and it is protected from, this in- 
hibition by glycine (Philpot^ 1938). Oxidized para -a mi nophenol is a powerful inhibitor of 
xanthine dehydrogenase (Bernheim and Bernheim^ 1938); O.OO8 M solution of free iodine in- 
hibited 88 per cent^ and 0.001 M pyrogallol inhibited approximately per cent (Gray and 
Felsher^ 19^5)* Stadie and Haugaard (19^5b) found that the xanthine enzyme of slices and 
homogenates is rapidly inactivated by oxygen at a pressure of seven atmospheres. 4 These 
results may indicate that -SH groups are essential for the activity. 


URICASE 

(Uric Acid Dehydrogenase, Urico-oxidase) 


The enzyme which catalyzes the oxidation of uric acid to allantoin was discovered by 
Schittenhelm ( 1905 ) . Battelli and Stern (I909) studied this enzyme more extensively and 
named it uricase . They found it present in the liver and kidney of various animals. The 
distribution in most mamma ls is limited to a few tissues such as the liver^ kidney and 
spleen. It is not found in human tissues and it is of particular interest that man ex- 
cretes uric acid and not allantoin. Tne anthropoid apes and the Dalmatian dog excrete 
little allantoin, although the liver of the latter la rich in uricase. 


Florkln and Duchateau-Bosson (19^3) made a comprehensive study of the urlcolytlc 
enzyme systems in the animal kingdom, including both vertebrates and invertebrates. They 
found uricase present in coelenterates, echinoderms, supunculids, crustaceans, dipterous 
insects, lamellibranch and gastropod mollusks, most fishes, batrachians and most mammals. 

It is absent in platodes, oligochetes, hirudineans, most insects, cyclostomes, snakes and 
lizards, birds, primates and man. 


Uricase is Intimately associated with insoluble particles, but is easily prepared in 
varying degrees of purity from fresh liver and kidney tissues of the cow and pig. A stable 
crude preparation suitable for experimental study is obtained by grinding the fresh liver 
and drying it with acetone. Davidson ( 1938a, b) prepared an extract of pig liver which had 
about 550 times greater activity than the liver powder. It was soluble at pH 10.0 in 
borate buffer. It gave a Qq 2 of 5000. Althoxigh the purified material contained 0.15 to 
0.2 per cent iron, it 'probably did not contain hematin compounds because it was colorless. 
The nitrogen content was l4.U per cent. 

Holmberg (1939) modified the method of Davidson and obtained a preparation which gave a 
Qq 2 of 6000. The material was slightly brown in color. It contained 0.025 per cent iron, 

13*5 per cent nitrogen and 0.I5 per cent Zh ions. It was insoluble in water and only 
slightly soluble in pH 10.0 buffer. 

Oppenheimer and Kunkel (19^3) modified the method of Davidson and obtained purified 
uricase from acetone- dried pig liver by extracting with 0.1 M borate buffer of pH 10.0. 

The enzyme was precipitated with saturated ammonium sulfate^ the precipitate was dissolved 
and heated to 55*^0. to precipitate inactive protein. The enzyme was recovered by precipi- 
tation with ammonium sulfate, dissolved in water and dialyzed. The uricase, which precipi- 
tated during dialysis, was washed with 0.1 M phosphate buffer of pH 7.4 and dissolved in 
borate buffer. TMs procedure was later altered to effect further purification. The 
purified uricase was made bacteria-free by filtration, and was active for more than two 
months when kept in the frozen state. Oppenheimer and Kunkel (19^5) showed that the in- 
jection of this uricase preparation into chickens, in which gout was induced by a high 
meat diet, resulted in a lowering of plasma uric acid. When the enzyme and meat diet were 
given simultaneously, the plasma uric acid did not rise to high levels. 

Uricase is most active at alkaline pH values, and Kellln and Hartree (1956a) found the 
optimum to be at pH 9*25* There is little activity below pH 7*0 or above pH 11.0. Holm- 
berg (1939) used oxygen consumption as an index of uricase activity. The uptake was mea- 
sured at pH 9*0 and 59°^' diirlng the first 15 minutes of action when lithium urate was 

used as substrate. The potential level of the uric acid-allantoin precursor system is not 
known. 
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Specificity and Action 




oxidized by uricase. According to Bruniff et al nc»R^ 
and Hartree ( 1956 a) it does not catalyze the oxidation of noio-t- , 1 ^ ” 

i-': -%*vPox^.thine ^d xanthine, or 4,5-glycol, 4,5-dimethyl, l-,5-,7- J-Lt^r'Sfd^'ig 

trimethyl, or ethyl uric acids. Buchanan, Block and Chris tiS nq4^TaV,o^ 
I"'!, their beef kidney preparation was specific for uric acid. Othar 
.a..re5 :o-una in human urine, such as adenine, guanine, xanthine, the methylxanthinea 


Uric acid + 2!^0 + Ch 


Allantoln 


CC^ 



-_<r exa.. mechanism 01 this oxidation is not known. It is rather certain, however that 
-ne er._ 7 ^ IS not involved in the direct production of allantoin but in the oxidation of 
irir arid^oo a precursor of this compound. Schuler and Eeindel (1952) obtained evidence 
v^cn rhe.y ^ed as a basis for suggesting that the first oxidation product is oxy-acetylene- 

carooxylic acid. Klen^ierer (1945) showed that only a fraction of one equivalent 
cf carton dioxide is formed during the oxidation. This was t'aken to indicate that sub- 
scances other than allantoin are formed. It was concluded from the amount of nitrogen re- 
leased cr. treat^nt with nitrous acid, that these substances are uroxanic acid and hydroxy- 
acetj. lene-diurein-carboxylic acid. Since these compounds and allantoin are stable in the 
presence of uricase, the primary product of uricase action is believed to be an unstable 
or precursor compound which decomposes without the Intervention of enzymes into the three 
reaction products. The reaction of the medium and the buffers used determine the relative 
a!Lcu..v.c Oj. the three compounds formed. Hydrolysis, decarboxylation, hydration and dehydro- 
genation are probably Involved in the process. According to Klemperer (1945) the mecha- 
nism m vitro is represented by the following equations: 

1. Uri' c acid + O 2 

precursor 

► (a) + ^0 ^-hydroxyacetylene-diureine-car'boxylic acid 

2 . ► (b) H- ;^0 »-allantoln + CC^ 

precursor ► (c) + 2E^0 — ►uroxanic acid 

Kellin and Hartree (1956a) demonstrated that uricase specifically requires oxygen as 
the hydrogen acceptor. For each molecule of uric acid oxidized, one molecule of oxygen is 
consumed and one molecule of hydrogen peroxide is produced. That hydrogen peroxide is 
formed, was shown by the secondary oxidation of para-phenylenediamine in the presence of 
uricase and uric acid. It has been demonstrated that the velocity of uric acid oxidation 
depends on the oxygen tension, the rate being twice as great in pure oxygen as in air. 

There is no other known hydrogen acceptor for the system, and methylene blue and dyes of 
higher potential are not reduced under anaerobic conditions. This shows that uricase oc- 
cupies a unique position among the dehydrogenases In that it shows the properties of oxi- 
dases, However, Keilin and Hartree classed it as an aerobic dehydrogenase on the basis of 
its absolute specificity and the production of hydrogen peroxide during the oxidation. 

The hydrogen peroxide formed by the action of uricase on uric acid can be used in 
coupled oxidations. When alcohol is added to the system it undergoes a secondary or 
coupled oxidation to aldehyde by the hydrogen peroxide formed in the primary oxidation of 
uric acid to allantoin, and the oxygen uptake is doubled (Keilin and Hartree, 1956 b). If 
a little purified catalase is added to the system, in addition to the alcohol, a cyclic 
oxidation is established and oxygen is consumed beyond doubling the uptake of the primary 

reaction. 
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Keilin and Hartre© (1956a) found that several compounds structurally related to uric 
acid inhibit uricas© competitively. The enzyme is almost completely^ but reversibly, in- 
hibited by 0.001 M cyanide; activity is restored when the cyanide is removed. Sodium 
fluoride, hydrogen sulfide, carbon monoxide and ethyl urethane do not Inhibit. Cysteine 
is reported to activate uricas© (Scheer and Scheer, 19^5)* 


ALDEHYDE DEHYDROGENASE 
(Potato and Liver Aldehyde Oxidases) 

Potato and liver tissues contain enzymes in addition to xanthine dehydrogenase which 
catalyze the oxidation of aldehydes. The following discussion is concerned with these 
aldehyde dehydrogenases. The potato enzyme is discussed first. 

The dehydrogenase of the potato in the presence of aldehydes catalyzes the reduction 
of nitrate to nitrite (Bach, I913; Mlchlin, I927, I928). Michlln found that this dehydro- 
genase does not oxidize hypoxanthine, and Michlin and Severin (1951) showed that it does 
not catalyze the dismutation of acetaldehyde. It is not inhibited by uric acid (Booth, 

1955). 

Bemhelm (1928a) purified the potato enzyme by fractionation with ammonium sulphate 
and adsorption on kaolin and showed that it reduces both nitrate and methylene blue in the 
presence of aldehyde. Bhagvat, as reported in Biological Oxidations by Green (19^0), pre- 
pared the potato enzyme and studied it systematically. The method of preparation is given 
and the product is 112 times more active than the crude press Juice from which it was made. 
Frank© and Schumann (19^2) concentrated aldehyde dehydrogenase from a Na2HP0i^ extract with 
ammonium sulfate. The preparation was 125 times more active than the original juice. 

This preparation was used in an extensive study in which it was concluded that the enzyme 
is a globulin. 

Results obtained by us© of these preparations show that the potato enzyme catalyzes 
the oxidation of both aliphatic and aromatic aldehydes providing nitrate or dyes such as 
methylene blue are present. Coenzyin© is not required. Bhagvat found it to be Inactivated 
on shaking with air in the presence of aldehyde, but destruction did not take place in the 
absence of substrate. The destruction was shown to be due to the formation of hydrogen 
peroxide which may account for the failure of the enzyme to oxidize aldehyde in the pres- 
ence of oxygen. Frank© and Sch uman n (19^2) also found that oxygen had a detrimental effect 
on their purified enzyme. 

Bharat found that the dehydrogenase is inhibited almost completely by 0.0033 M 
cyanide, and reversible Inactivation resulted from incubation with 0.001 M cyanide. This 
inhibition with cyanide was confirmed by Frank© and Schumann (l9i|-2). They also demonstrated 
complete inhibition with sodium azide, lodoacetat© and qulnone and partial inhibition was 
obtained with hydroquinone. Carbon monoxide, sodium fluoilde, pheny lurethan© , phenylurea, 
chloral hydrate, octyl alcohol, toluene and chloroform did not inhibit. 

The Dehydrogenase of Animal Tissues 

In the case of the liver enzyme, Lemherg, Wyndham and Henry (I 936 ) found that the 

livers of the different animals they examined, except those of man and the cow contained 
more aldehyde oxidase than xanthine oxidase activity. They concluded that another type of 
aldehyde oxidase is present. During the study of xanthine dehydrogenase In pig liver 

Corran, Dewan, Gordon and Green (1959) found that the ratio of aldehyde activity to x^- 
thlne activity decreased markedly during the early stages of purification and then remained 
constant. They thought this Indicated the presence in liver of an enzyme active toward 
aldehydes but Inactive toward xanthine, and that it is separated in the early stages of 

purification of xanthine dehydrogenase. This led Gordon, Green and Subrahmanyan (l94o) to 
make an Intensive study of liver aldehyde dehydrogenase. 

Their method of purification consists of the extraction of minced pig liver with a 
solution of 4 1 water and l840 ml. 97 ethyl alcohol at 48° C., concentration of the enzyme 
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Determination and Mechanism of Action 

^ _ -over aldehyde dehydrogenase catalyzes the oxidation of aldehydes in the presence of 

certain dyes such as methylene blue. Methods for determining the 

reactions. A Qmb of 2700 was obtained by using the methylene 
^-ae acetaldehyde as the substrate. The reaction with oxygen is rapid and ob- 

.--a=iy .t must oe the physiological hydrogen acceptor. Nitrate and cytochrome c are re- 
au3ed at a slow rate. 


The liver enzyme catalyzes the oxidation of various aliphatic and aromatic aldehydes 
sucn^as acetaldehyde, propionaldehyde, buty raldehy de , crotonaldehyde and benzaldehyde. " 

Ae^Dnes. acids and alcohols are not attacked. The purified enzyme does not catalyze the 
oxiiation 01 hypoxanthine or reduced DPN. 

_..e aldehydes are oxidized to the corresponding acids. One atom of oxygen is consumed 
per miiiie^ule of aldehyde oxidized. That the product of the reaction is acetic acid when 
aceteldehyde is used as substrate, was demonstrated by use of the distillation method of 
I^er for the identification of volatile organic acids. 

The halx -maxi mum rate oi oxidation was obtained with 0.007 M crotonaldeliyde. Maximum 

velocity is shown at pH 7 * 0 , although the enzyme is active over the range of pH 5-0 to 
pH U.O. 


It should be pointed out that both the liver aldehyde and xanthine dehydrogenases 
oxidize aldehydes at practically the same rate, and that this activity is irreversibly 
destroyed by Incubation with cyanide and also by desiccation. On the other hand the two 
enzymes have different solubilities in ammonium sulfate solution. The liver enzyme is 
irreversibly destroyed by dialysis, whereas xanthine dehydrogenase la reversibly and only 
partially inactivated by prolonged dialysis. The cyclical oxidation and reduction of the 
flavin group of liver dehydrogenase is easily demonstrated. This is not true for the x€ui- 
thine enzyme. On the ‘basis of these different properties, liver aldehyde dehydrogenase is 
considered to be distinct from xanthine dehydrogenase. 

D-:?\JiIN 0 ACID, L-AMINO ACID, GLYCINE, MONOAMINE and DIAMINE DEHYDBOGENASES are dis- 
cussed in the chapter on NITROGEN METABOLIZING ENZYMES. 


General Summary of Information on the Aerobic Dehydrogenases 


The dehydrogenases of the aerohic group have been purified to a considerable degree. 
Xainthine, D-amino acid, L-amino acid, glycine and liver aldehyde dehydrogenases are flavo- 
proteins. Flavin adenine dinucleotide is the prosthetic group of these enzymes, with ex- 
ception of the L- amino acid enzyme which has flavin mononucleotide for its prosthetic 


group 


Urlcase and the two amine dehydrogenases appear not to be flavoprotolns 
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The aerobic dehydrogenaBee are group-apeclflc, with the exception of urlcase and 
glycine dehydrogenase- In addition xanthine dehydrogenase activates both purines, and 
aliphatic and aromatic aldehydes. L- Amino acid dehydrogenase oxidizes both L-amlno and 
L-hydroxy acids. 

The action of glycine, D-amlno acid, L-amlno acid, and amine and diamine dehydro- 
genases Is explained by essentially the same mechanism. Two hydrogens are removed to give 
the Imlne compotinds which. In the presence of water, spontaneously form the corresponding 
keto adds and aldehydes. 

The aerobic dehydrogenases react directly with molecular oxygen to form hydrogen 
peroxide and, with the exception of urlcase and the amine dehydrogenases, they reduce 
methylene blue. Urlcase Is highly specific for oxygen. Methods for the quantitative 
determination of the activity of these enzymes are usually baaed on oxygen consumption or 
methylene blue reduction. The diamine and xanthine dehydrogenases, urlcase and aldehyde 
dehydrogenase of potato are Inhibited by cyanide. The Mlchaells constant and the pH of 
optimum activity for the aerobic dehydrogenases are given in Table III. 


TABLE III 

Physical Constants of Aerobic Dehydrogenases 


Dehydrogenase 

pH o f 

Optimum ActiTity 

Michaelis Constant 
(in molarity of substrate) 

Xanthl ne 

8. 9 *9*0 Wleland and 

Bosenfeld ( 1950 ) 

< 1.5 X 10“^ ( hypoxanthlne) 


5. 5 "9*0 Dixon and Thurlow 

( 1925 b) 

0 . 06 ( acetaldehyde ) 

D-Amlno acid 

8.6 Krebs (1959) 

0.005 (DL- alanine) 

jL- Amino acid 
jL- hydroxy acid 

10.0 Blanchard et al. (19^^) 

8.0 Blanchard et al. (19^6) 

0.009 ( L-N-methylleuclne) 
0.00^ (L- lactate) 

Glycine 

8.3 Ratner et al. ( 19 ^^) 

0.04 (glycine) 

Uric acid (urlcase) 

9.25 Keilln and Hartree 


Aldehyde (animal) 

7.0 Gordon et al. (19^0) 

0.007 ( crotonaldehyde) 

Amine 

7.5 Bhagvat et al. (1959)* 

0.0018 (tyramlne) 

Diamine 

6. 8-7-6 Zeller (19^2)* 

^ 0.0005 (histamine) 

1 


*The pH values given for amine and diamine dehydrogenases are those used for the quanti- 
tative estimation of these enzymes. 


ANAEROBIC DEHYDROGENASES (Cytochrome -linked) 

SUCCINIC DEHYDROGENASE 

The presence of succinic dehydrogenase In tissues was first discovered by Battelll 
and Stem (i910a) through the observation that when succinate was added to certain tissues 
the oxygen uptake was markedly Increased and malic acid was produced. Fumarlc acid was 
found later to be the primary reaction product. In the presence of fumarase It forme €Ln 
equilibrium with malic acid. 

More recent work has shown that the catalytic dehydrogenation of succinate Is the re- 
sult of the action of succinic dehydrogenase, cytochrome c and cytochrome oxidase. The 
components of this reaction are often referred to as the ’’succlnoxldase system”. 
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that about 70 per cent of. the succinoxidase (succinic de- 
e) content of the cytoplasmic extract of rat liver had 
fraction consisting mainly of mitochondria by sedlmenta- 
This was confirmed by Schneider ( 19 ^ 6 a), Hogeboom, Claude and 
, Schneider and Pallade 






^b»om (1946) prepared succinic dehydrogenase from the mitochondrial fraction of 
- After washing the granules once with 0.85 per cent NaCl containing 

J. j2p 11 .izdCChi, they ''®f®^t5©ated with^cold acetone, dried quickly ^ vacuo, and extracted 
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was obtained by centrifiaging at 18,000 
enzyme activity was recovered from the gr 
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per cent saturation with ammonium sulfate. When 
, 90 per cent of the activity remained after 


four days at 0 C. It was not affected by dialysis against dilute bicarbonate, 
a rat ion was free of cytochrome oxidase. 
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Determination and Specificity 

The succinic dehydrogenase activity of various kinds of tissues and preparations has 
heen studied hy determining the rate of reduction of methylene blue and oy the measurement 
of oxygen uptake in the presence of the cytochrome system. 

A method of deterinlning the activity of tissue homogenates was reported by Schneider 
and Potter (19^50*) • H is necessary to add cytochrome c, and A1 and Ca ions to the homoge- 
nate to obtain maximom activity (Potter and Schneider, 19^2). That traces of A1 ions in- 
crease the rate of oxygen consumption by the succinoxidase system was first shown by 
Horecker, Stotz and Hogness (1959)* Elliott and Greig (1958) showed that when the cyto- 
chrome concentration is low, addition of cytochrome c accelerates the oxidation of suc- 
• cinate. According to Axelrod, Swingle and Elvehjem (19^1), and Swingle, Axelrod and 
Elvehjem (19^2) Ca ions activate crude succinic dehydrogenase preparations by increasing 
the rate of destruction of DPN. When DPN is not destroyed, the malic dehydrogenase present 
oxidizes malate to oxalacetate and the latter inhibits succinic dehydrogenase. In order 
to overcome the dilution effect and maintain activity, Schneider and Potter (19^5a) varied 
the cytochrome c and A1 and Ca ions to find the proper concentrations for optimum activity. 
In this way the enzyme la purposely made the limiting factor in the system and the oxygen 
uptake is a measure of the maximum activity of the dehydrogenase. 

The composition of the reaction mixture found to give optimum activity consists of 
1 ml of 0.1 M phosphate buffer of pH 7*^, 0.4 ml of 10"^ M cytochrome c, 0.3 ^ of 0.5 M 
sodium siicclnate, 0.3 ml each of 0.004 M CaCl2 and 0.004 M AlClj, plus the desired amo\mt 
of homogenate, and sufficient water to make a total volume of 3 i4L. The oxygen consumption 
of the fortified system is measured manometrically in Warburg vessels. 

Specificity studies by Thunberg (1933) showed that succinic dehydrogenase activates 
succinic acid, and also methyl succinic slightly. Eranke and Siewardt (1944) found that 
ethyl succinic acid is slowly attacked. 

Mechanism of Action 

Einbeck (1914, 1919) showed that muscle causes the oxidation of succinate to fumarate 
with the uptake of one atom of oxygen per molecule of succinate oxidized and that most 
tissues contain an enzyme, fumarase, which converts fiamarate to malate. When equilibrium 
is established there are three molecules of malate present to one of fumarate. This over- 
all reaction is represented as follows : 
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It was shown by Thunberg (I 918 , 19^3) and others that in the presence of washed mus- 
cle tissue, succinate rapidly reduced methylene blue. Qyanide did not inhibit this reduc- 
tion. Szent-Gyorgyi (1924), and Fleisch (1924) showed that oxygen uptake, but not methy- 
lene blue reduction, is inhibited by cyanide. It was concluded from these results that, 
in order for oxygen consumption to occur, succinate and oxygen must be activated by two 
different mechanisms. Later work by Stotz and Hastings (1937) confirmed this conclu- 
sion. Kellin (I 929 ) clarified the mechanisms Involved by showing that succinic dehydro- 
genase in the presence of succinate reduces the components of cytochrome and the reduced 
cytochrome is reoxidized by the cyanide sensitive cytochrome system. When an autoxldiz- 
able dye such as methylene blue is reduced by the dehydrogenase in the presence of suc- 
cinate, the dye is reoxidized directly lyj oxygen. This reaction is insensitive to cyanide. 
When cytochrome c is likewise reduced, cytochrome oxidase in the presence of oxygen cats- 
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Linkage of the Dehydrogenase with Cytochrome c 

Hopkins, Lutwak-Mann and Morgan (1939) indicate that a factor in addi- 
:rr 7 ®v^°'^ coenzymes and carriers is necessary for the reduction of cytochixjme c by 

' Hbgness (1939) showed that traces of A 1 and Cr 

® uptake by the succlnoxidase system, but these ions do not 

. e-t vie activity oi the cytochrome system or the rate of dye reduction. In the light of 

tnis It vas thought that A1 ions might be the additional factor Hopkins et al. (1939) found 
necessary lor hhe linkage of succinic dehydroffenaaa to th^ mr-KonVi-rf^Tno arra-t-^m 


Melnlck (1959) A^tracentrlfuged the heart muscle preparation of Kellln and 
ree ( 93o) and repoarted the separation of it Into two aerohlcally Inactive fractions 
vhlch^ when recomhined^ formed a complete system hecaus© under aerobic conditions succinate 
was oxidized# Kieilln and Hartree ( 194o) q^uestioned this result since they could wash their 
preparation several times without great loss of activity# 
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When Kellin and Eartree (19^0) treated the heart muscle preparation with acid or pan- 
Great in, fractions were obtained in which both the dehydrogenase and cytochrome oxidase 
were present, but the system was incomplete because these fractions did not catalyze the 
aerobic oxidation of succinate. It was suggested, on the basis of these results, that 
succinic dehydrogenase reduces cytochrome c through some labile intermediate compound, such 
as cytochrome b or some unknown component of the system, or that the dehydrogenase in 
preparations of this kind has lost its accessibility to cytochrome c but not to the more 
diffusible molecules of methylene blue. 

Straub (19^2a) demonstrated that an unknown factor is necessary for the coupling be- 
tween succinic dehydrogenase and cytochrome c. This unknown factor, designated as the SC 
factor, was obtained from pig heart muscle. It is inactive as an intermediate for malic 
acid oxidation since it does not mediate the reaction between diaphorase and cytochrome c. 
‘Stoppani (19^7) obtained a soluble factor from ox and rabbit liver which links succinic 
dehydrogenase to the cytochrome system- It cannot be replaced by diaphorase, malic dehy- 
drogenase, fumarase, catalase, flavin dinucleotide, riboflavin, cysteine, glutathione and 
Ca or A1 ions in concentrations of 10*5 m. These results show that an unknown factor is 
required for the reaction of succinic dehydrogenase with the cytochrome system, but further 
work is necessaiy to elucidate the exact mechanism. 


Inhibition 


Quastel and Wheatley (I 95 I) showed that malonate inhibits succinic dehydrogenase; it 
also prevents the formation of succinate from fiimarate and oxalacatate. Krebs (19^5) 
emphasized the importance of malonate inhibition of succinic dehydrogenase as supporting 
evidence for the citric acid cycle hypothesis, since it was shown that succinate can be 
formed from fumarate in the presence of malonate providing oxygen is present. Das (1957b) 
reported that oxalacetate is a strong inhibitor of this dehydrogenase. Other workers have 
shown that compounds, such as fiimarate, oxalate, methyl succinate, glutaric, adipic and 
suberic acids inhibit to a lesser degree. These compounds are structurally related to 
succinate and have an affinity for the dehydrogenase which results in their adsorption on 
the enzyme. This prevents the dehydrogenase from activating the substrate, succinate. 

This is competitive inhibition since the inhibitor competes with the substrate for the 
enzyme. 


The split products of pa radi methyl -ami noazobenzene inhibit succinic dehydrogenase and 
other -SH containing enzymes such as urease (Potter, I 9 U 2 ). Ames and Elvehjem (1944 1945) 

studied the inhibition of the enzyme by cysteine and cystine, with particular emphasis on 
the mechanism of the Inhibition and the conditions suitable for inhibition to take place. 
Synthetic estrogens, such as di ethyls tllbestrol and benzestrol, are effective Inhibitors 
for the succlnoxidase system, but this inhibition is mediated through the cytochrome oxi- 
dase of the system (McShan and Meyer, 1946b). 


Adler, Euler and Skarzynski (19^5) and Zittle (1946) showed that yeast adenylic acid, 
adenosine, nucleic acids and their hydrolytic products Inhibit succinic dehydrogenase. 

This inhibition increases with time and it is apparently noncompetitive- Desoxyribose 
nucleic acid, which is intimately associated with the cell nucleus ana. chromosome struc- 
t\ire, is much more effective than is the cytoplasmic rlbose nucleic acid. The mechanism 
and its physiological significance are not clear from present results. According to Green- 
stein and Chalkley (19^5) results of this kind are probably the first direct chemical evi- 
dence that a natural nuclear constituent can directly affect the enzymatic systems of the 
cell. 


Inactivation and Essential Groups 

The succinic dehydrogenase of washed tissue was inactivated by Hopkins et al. (I 958 ) 
by anaerobic Incubation with oxidized glutathione. This Inactivation was reversed and the 
activity restored by incubation with reduced glutathione. On the basis of this evidence 
it wSiS condudod, tiiStt is dLsponcLsxit oxi^ intsict “SH q roixjp 3 for its Qctivity 

Further evidence to support this concept is the fact that the enzyme is inactivated by Cu 
ions, maleic and iodoacetic acids and alloxan, all of which are known to react with -SH 
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thiole. ^ie“^d^fellSroMl 938 ?''JonS^ Protect the dehydrogenase from oxidized «1 t 

a.. agents, oUalneTSrogjJt 

genase action of succinic delydro- 

number of different kinds of compounds lucTT enzyme is inhibited a larce 

and Zn ions, selenite and arsenite whose onlv reagents, -SH compounds On 

react with -3H groups. Inhibition^f ^lonS T'TT Property^ is their^awlity^o 

mutually exclusive. On the hasirof tSsHaL^J reactants was shown to IT 

.nactivation. Qn the basis of this stricture otherwise react with them and cause 

en^^e Rations, not by a thiol -disulfide equilibrlum^^J pu^ia ( 19 ^ 5 ) suggested that the 

in i.he mechanism of hydrogen transfer. ^ explanation for the role of thiol groups 

CJordon and Quastel (19k7) reuor+eH 

a^no-para-Hydroxy pbanylaraenoxlde, cobMm roraJaSw < ?f?°> such as msta- 

after prolonged exposure t^eight atmLphSerof of dehydrogenase is inactivated 

malonate or high concentrations of LccinJt! ia protected in the presence of 

correlation between susceptibility of enzymes to ^ ® degree of 

essential -SH groups. ^ ^ ^^® ^^^don of oxygen and the presence of 


a -GLYCEROPHOSPHATE DEHYDROGENASE 

(Cytochrome) 

or muscle. Liik^e^wSh'^Se^Sosphin^°^^°^^^^^®/® oxidized on mixing with washed liver 
tion did not tak^^JcrwJeJ Syce^S wfsT T" necessary because the oxlda- 

studied the properties of this enzvme strate. Several other workers have 

phosphate dehydrogenases. The one dlscunnftfl dence indicates that there are two glycero- 

genacc Ic active only i„ th, proeancrof DPN “ L STacScad^i^aSrr'’*'^' 

They Si succinic dahydioganasa In uany raspacta. 

billty of tS two f associated with insoluble material. The sta- 

showed that the rates o/oxldatlon^of th^i^ ^‘^®^^dcal, however, since Alwall (I930) 

of methylSne blue Lductlorin enzyme. There is an additive effect on the rate 

ltractiv?^i^«rh« ’ J^®®foP^®ePdiate dehydrogenase does not depend on -SH groups for 

its activity as has been shown to be the case for the succinic enzyme. 


animal tissue examined. 
foiHid In 'bacteria, yeasts 


Tid u (1930) found glycerophosphate dehydrogenase in all 

High activity is found in brain, liver and kidney. It is also 
and certain seeds and pollen as indicated by Elliott (1941). 

In aur+^n^d^ ^ i Prepared the cytochrome-linked dehydrogenase and used the preparation 

Mnced rabbit muscle was ground with sand and strained 
through cheesecloth. The extract was adjusted to pH k .6 with acetate buffer. The preclpl- 

a e which contained the enzyme was recovered and suspended in pH 7.2 phosphate buffer for 

Btable when dried in vacuo . but became vmstable after being suspended in 
buffer for a few days. —ox- 




DE H YDROGE N ASE S 


121 


The activity of this dehydrogenase is determined hy manome trie ally measuring the con- 
sumption of oxygen in Warburg manometers in the presence of substrate and methylene blue 
or cytochrome c. Under anaerobic conditions the Thimberg method can be used. 

The dehydrogenase is specific for the natural L-a-glycerophosphate and the theoretical 
oxygen uptake was obtained with this compound. When a preparation containing both optical 
isomers was used, the uptake was only half the theoretical for oxidation to triosephos- 
phate. The oxidation of p- glycerophosphate, glycerol and 2- and 5 -pkosphogly cerates is 
not catalyzed. 


Mechanism of Action 

The enzyme contained in the preparation of Green (1956a) catalyzed the uptake of lit- 
tle oxygen in the presence of a -glycerophosphate, but the uptake was markedly increased on 
addition of cytochrome c. Adrenaline, ascorbic acid, lactoflavin, glutathione, yellow 
enzyme, DPN and TPN did not cause an increase in oxygen consumption. This shows that they 
cannot replace cytochrome c in the system. Since cytochrome oxidase was found to be 
present in the preparation, the complete system appears to consist of o: -glycerophosphate, 
dehydrogenase, cytochrome c, cytochrome oxidase and oxygen. The reaction is represented 
as follows: 


H 

h6-o-pc^% 

HCOH ^02 — Dehydrogenase — ^ 


H 

HC-O-POj^ 

HCOH ^ ^0 


HCOH 

1 

H 


HC =0 


a-Glycerophosphate 


3 -phosphoglyceraldehyde 


The Indications are that glyceraldehydephosphate is the first oxidation product and 
it breaks down to give methylglyoxal and phosphoric acid, but the formation of these prod- 
ucts lags behind the oxygen uptake. The cyanhydrin of the reaction product was isolated 
as the barium salt and identified from its hydrolytic products as glyceraldehydephosphate. 
Methylglyoxal was also isolated as the dlnitrophenylosazone. The possibility that dihy- 
droxyacetonephosphate is also formed is not excluded. 

Glycerophosphate dehydrogenase reduces methylene blue under anaerobic conditions and 
in the presence of oxygen the dye acts as carrier. The affinity for methylene blue is low 
and cytochrome c causes rapid uptake of oxygen at much lower concentrations than are re- 
quired with methylene blue. The substrate concentration for half-maximum activity depends 
on the conditions under which the system acts; it has been reported as 0.001 M for methy- 
lene blue reduction and 0.01 M for oxygen consumption. 

The activity is optimum between pH 8.0 and 10.0 as Indicated by oxygen uptake. The 
oxidation- reduction potential of the system is close to - 0.25 V at pH 7,0. Oxidation ap- 
pears to be the only physiological function of this cytochrome- reducing glycerophosphate 
dehydrogenase. It is not concerned with glycolytic processes (Green, 1936 a). 

According to Weil-Malherbe (1937a) 0.01 M cyanide in the presence of methylene blue 
does not inhibit a-glycerophosphate dehydrogenase, but instead an increase in oxygen con- 
sumption actually takes place. This is probably due to the Inhibition of catalase so 
that hydrogen peroxide accumulates instead of being broken down to oxygen and water. 

Green (1956a) showed that narcotics such as urethane and octyl alcohol inhibit but 
cyanide, azide, fluoride and lodoacetate have little effect, except cyanide inhibits the 
system in the presence of cytochrome c. Compounds such as 2 - and 3 “Phosphogly cerate which 
are not activated by the enzyme cause inhibition which is probably competitive in nature. 
3-Glycerophosphate does not exert ajiy effect. 
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lactic dehydrogenase (Yeast) 

« 

requires DPN. According to Meyerh^ and LohnL^ bacteria which 

dized by intact yeast at the aame rate. This susLatc, lactate are oxl- 

ing enzymes, unless a racemizing agent is preset!? iS 11 ^ lactate-actlvat 

can be prepared from yeast in purified foZ °^i<iizes L-lactlc acid 

that ?^''reaL"^y®obt^ned fSl °t 

Lovman (1936) made a soluble preparation hv enzyme. Gurchot and 

in the precipitate was stable L tjfdrj fo?S. sulfate. The enzyme contained 

vhich^i'nSr^i^s ^^''ac^iif aJ\S^pr9Sratioi''of°LrLiir^\J®^‘^'’°®®^^^ 

the absence of lactate. Bach, Dixon aJd lerfar?l?46? ?S?he; oSlfl^dT 

drogenase and obtained solutions which were at iL^t lono +7 Purified yeast lactic dehy- 

viously known Thp f^n^iTTno j j» 1000 times as active as those pre- 

phosphate gel' alutpl ^ adsorption on oslolum 

Indicate that the dehydrogenase is still amnonlum sulfate. They 

due to the increasing^instahilitv of th^ that further purification is difficult, 

enzyme 'fraction was found to oonfo-r ©nzy^ as purification proceeds. The concentrated 

oraif,>,T was round to contain a new cytochrome which they desi/EOiated as h. rt 

chrome^b^"^ Sch^'et^al^^M ^ bemochromogen protein closely associated with cyto- 

iTo?- anti .L‘i:i- 1 ihtSdifr^latir hriLtictletd t' 

slte/l neS^at^tnahttr- 

of lactic dehydrogenase of yeast is estimated quantitatively hy deter- 
required for the enzyme to decolorize methylene blue in the presence of 

presence^of the cytocSomf system! manometrlcally measuring the oxygen uptake in the 


Specificity and Mechanism of Action 

Ber^eim (1928b) showed that his solution of the yeast enzyme catalyzes the oxidation 

of lactate to pyruvate, a -Eydroxybutyrate was oxidized less rapidly. Malate, p-hydroxy- 

Dutyrate, fumarate, citrate, pyruvate and certain other compounds were not oxidized. This 

enzyme activates only a -hydroxy acids with a levo configuration such as L-lactate. In the 

presence of pyruvate the enzyme catalyzes the oxidation of reduced DPN (Warburg and Chris- 
tian, 1936 ). ° 

The oxidation is represented as follows: 


COOH 

HO-CH + iOo 

I 

CH5 

L- Lactic acid 


Dehy d rogenas e 


COOH 


C=0 




Pyruvic acid 


The preparations of Bemheim ( 192813 ) and Gurchot and Lovman (1936) reduced methylone 
blue in the presence of lactate^ but did not take up oxygen unless a dye was added as a 

When Ogston and Green (1935) added cytochrome c to their preparation, the oxygen 


uptake was Increased and it was markedly increased when a suspension of heart muscle cyto- 
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chrome oxidase was added with the cytochrome c. This increased oxygen uptake was inhibited 
by cyanide^ but the reduction of* methylene blue was not inhibited. These results show 
that lactic dehydrogenase of yeast is linked to the cytochrome system. The fact that the 
purified enzyme of Bach, Dixon and Zerfas (I 9 U 2 ) reduced methylene blue but not cytochrome 
c, suggests that an additional factor is required to link the dehydrogenase to the cyto- 
chrome. This was found to be the case for succinic dehydrogenase, as has been indicated 
elsewhere . 

Boyland and Boyland (195^) and Adler and Michaelis (1935) showed that yeast dehydro- 
genase is not activated by adding DPN and TPN to the system. The fact that dialysis was 
used by Bernheim ( 1928 b) in making his preparation also suggests that coenzyme is not re- 
qui red. 

Boyland and Boyland (195^) showed that when the enzyme is in solution the pH of op- 
timum activity is 6.2 and that when it is used in suspension, as in the case of washed 
zymin, the optimum is pH 5-6. Bach et al. ( 19 ^ 6 ) reported the optimum activity of their 
purified enzyme at pH 5*2. 

Adler and Michaelis (1955) found that lactic dehydrogenase is not inhibited by fluo- 
ride, but arsenlte inhibits competitively. It is strongly inhibited by pyruvate, oxalate 
and glycerate (Bemhelm, 1928 b). 


CHOLINE DEHYDROGENASE 

Bernheim and Bernheim (1933) showed that acetylcholine is oxidized in the presence of 
a suspension of rat liver. This was indicated by an Increase in oxygen uptake which was 
proportional to the amount of acetylcholine added. The acetylcholine iodide used in these 
experiments was destroyed, and since acetate and potassium iodide caused no increase in 
oxygen cons\imptlon, it was concluded that the choline was oxidized. Fluoride and physo- 
stlgmine, which are known to inhibit liver esterases such as choline esterase, completely 
inhibited oxygen uptake. This Indicates that the acetylcholine is broken down before the 
choline la oxidized. Trowell (1955), using rat liver slices, also showed that choline 
causes oxygen uptake. These results were confirmed by Mann and Quastel (1937)* 

Trowell (1955), Mann and Quastel (1957) and Bernheim and Bernheim (1935, 1958) showed 
that choline dehydrogenase occurs in cat and rat liver and kidney, but that it is not 
present in rat brain, blood, spleen, heart or skeletal muscle. Others have shown it to be 
absent from the nuclei of liver and certain cancerous tissue cells. 

Bernheim and Bernheim (I 958 ) obtained a partially purified but insoluble preparation 
of choline dehydrogenase from chopped rat liver by grinding with sand and pH 7*8 phosphate 
buffer. The suspension was strained and dialyzed against distilled water. The resulting 
precipitate was washed with water and suspended in phosphate buffer in which form the 
enzyme was stable for several days. This preparation catalyzed the oxidation of succinate, 

proline and tyramlne. The dehydrogenases which oxidize these compounds, however, are found 
in preparations that are unable to oxidize choline and are, therefore, distinct from chol- 
ine dehydrogenase. 

The Bemheims also showed that an extract can be obtained from acetone -treated liver 
which will oxidize alcohol but not choline. This Indicates that alcohol and choline de- 
hydrogenases are not Identical, although both these compounds are oxidized at the primary 
alcohol group. These compounds are also oxidized by untreated liver suspension, but the 
oxygen uptake in their presence is additive, which indicates the presence of different 
enzymes . 


Reaction Products and Mechanism of Oxidation 

Bernheim and Bernheim (1953) found that one and a half atoms of oxygen were con- 
sumed for each molecule of acetylcholine oxidized- Mann and Quastel (1957) obtained large 
increases in oxygen uptake with extract of liver and also with liver slices. They showed 
that the increase in respiration is accompanied by the disappearance of choline, indicat- 
ing that choline is oxidized. They estimated the choline by the relneckate and period! de 
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General Summary of Information on the Anaerobic 

Cytochrome— Linked Dehydrogenases 

t'no dehydr^eMses of this group are widely distributed in nature. They are, with 

Lne exception of the yeast enzyme, associated with insoluble celliilar material. It is for 

3 re^on u^t they have not been obtained in highly purified form. The lactic enzyme 

Oi yeast is the only one of the group that is readily soluble and it has been purified. 

e Mt^al acceptor is cytochrome c, and the cytochrome oxidase of the system is the 

point of action when inhibition is Induced with cyanide. There is evidence indicating 

ttot succinic and lactic dehydrogenases require an unknown factor to link them with cyto- 
chroma c. 
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The cytochrome- linked dehydrogenases react with methylene blue under anaerobic and 
aerobic conditions. The reduction of the dye under anaerobic conditions and the ponsiimp- 
tion of oxygen under aerobic conditions are used to measure the activity of these enzymes. 
Likewise oxygen uptake in the presence of cytochrome c is used for this purpose. 

The dehydrogenases of this group are often inhibited competitively by compounds struc- 
turally related to their substrates. Succinic and choline dehydrogenases are inactivated 
by resigents which react with -SH groups. Because of this the activities of these two de- 
hydrogenases are believed to depend on -SH groups. The Michaelis constant, or substrate 
concentration req.uired for half maximum activity, is 0.001 M for both succinic and 
a-glycerophosphate dehydrogenases, and 0.0012 M for choline dehydrogenase. 

ANAEROBIC DEHYDROGENASES (Pyridine -nucleotide -linked) 

MALIC DEHYDROGENASE 

The discovery of malic dehydrogenase was made independently by Thunbdrg (I 9 II) and by 
Battelli and Stern (1910b, 1911)* These workers observed that malic acid is oxidized in 
the presence of animal tissues. That a coenzyme is req.uired for the action was proved by 
Andersson (1955) for washed dried yeast, and by Holmberg (195^) for extracts of washed 
muscle. They showed that methylene blue is reduced in the presence of the extracts and 
oaalate, providing cozymase, now known as DPN, was added. This discovery made many of the 
earlier contributions of relatively little importance. 

Malic dehydrogenase is found in brain, heart, liver, mxiscle, kidney and othef animal 
tissues; in yeast and certain bacteria such as E. coli , and in higher plants (Elliott, 

19^4-1, Sumner and Somers, 1947). Green ( 1956 b) fotind high concentrations in the tissues of 
the rat, rabbit and pigeon. 

The fraction which precipitated from an extract of pig heart muscle at pH 4,6 was 
used by Green (1956b) for an extensive study of malic dehydrogenase. 

Straub (1942b) isolated malic dehydrogenase by extracting acetone-dried pig heart 
muscle with 0.1 M phosphate buffer of pH 7*5* Tii© extract was treated with CaCl 2 , centri- 
f-uged, neutralized with trisodium phosphate and again centrifuged. The enzyme was precipi- 
tated with ammonium sulfate and ethanol, reprecipitated with ammonium sulfate, then with 
acetone and finally dissolved in water. The fact that the purified enzyme is water soluble 
served to clarify the issue as to the solubility of this dehydrogenase. The enzyme was not 
crystallized, but since it is an analog of lactic dehydrogenase, Straub showed the malic 
preparation to be of high purity by comparing its activity with the activity of ciystalline 
lactic dehydrogenase. 

The activity of the purified enzyme gradually declined on dialysis against distilled 
water and after two days 80 per cent of the activity was lost. It was not possible to re- 
verse the inactivation by treatment with cysteine, cystine, reduced or oxidized glutathione 

or boiled extracts of muscle. 


Determination of Activity 

Straub (1942b) determined the activity of the purified enzyme by manometrically mea- 
suring oxygen uptake. The system consists of 0.5 mg. of pure diaphorase, 0.5 mg. 

0.05 M L-mallc acid, 0.1 M KCW and 1 mg. of methylene blue in the presence of a small 
amount of malic dehydrogenase. Maximum activity was obtained with 5 to 4 mlcrograma of the 
pure enzyme. Since cyanide was used to bind the oxalacetate, the oxygen consumption was 
proportional to the concentration of the enzyme. 

The methylene blue method was used by Gale and Stephenson (1959) to measure the 
activity of a cell- free preparation obtained from E. coli (B. coll ) . 

Potter ( 1946 ) reported a method for the determination of the total amoxint of malic 
dehydrogenase in tissue homogenates by measuring the rate of oxygen uptake in Warburg mano- 
meters. The system consists of 0.8 ml. of 0.1 M phosphate buffer of pH 7-4, 0.3 ml. of 
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Specificity and Mechanism of Action 


i. ^11^ dehydrogenase is specific for natural L-mallc acid (Green 10^6'h^ ti- •» i 
eg-ee o. aspecixicity for the two coenzymee with various tissues is shown in Table II. 


The complete malic system according 
genase, DPN, DPN- cytochrome c reductase 
(Fozter, 1946). Ilie overall reaction is 


to present evidence consists of malate, dehydro 
cytochrome c^ cytochrome oxidase and o^Qrgen 
represented as follows: 


COOH 

HOCH 

I + DPN 

KH 

COOH 

L-Mallc acid 


Dehydrogenase 


COOH 

C=0 

; + Eeduced DPN 

BCH 

COOH 

Oxalacetic acid 


The activated hydrogen from the malate reduces DPN and the oxidation is completed 
tnrough the cytochrome system. Mann and Quastel (1941) obtained the maximum rate of oxy- 
gen uptake with 0.05 M and ^If -maximum with 0.01 M malate. In the presence of cyanide 
one molecule of malic acid is oxidized per atom of oxygen consumed and the reaction results 
in the formation of oxaiacetate (Green^ 1956b). The dinitrophenylhvdrazone of oxalacetate 
was prepared from the flask contents when semlcarbazide was used as fixative. On addition 

of aniline citrate to the reaction mixture^ carbon dioxide equivalent to the theoretical 
amount of oxalacetate fomied was liberated. 


The preparation of Green ( 1956 b) catalyzed the oxidation of malate in the presence of 
DPN, methylene blue and cyanide. Substances such as adrenaline or adrenochrome, lacto- 

and pyocyanlne can replace methylene blue in the system. Yellow enzyme gave little 
uptake, probably due to its slow oxidation. It required 0.25 M cyanide to prevent 
inhibition by the oxalacetate formed, and cyanide is more desirable in this respect than 
is hydrazine and semlcarbazide. As Indicated above, Banga and Szent-Gyorgyi (1957) showed 
that glutamate also prevents the inhibition of malic dehydrogenase by oxalacetate. 
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Dixon and Z^rf*aa (19^0) studied the condltiona required for a wide range of acceptors 
to function vlth coalic dehj'drogariaae . These acceptors fell into three groups: (I) those 
*^hlch require both DPN and fiavoprotsln^ (2) those vhlch require only DP!J and (5) those 
vhlch do not use either jjPN or flavoproteln. Included in the latter group are substances 
not found riaturally In tissues, such as alloxan, Iodine, hydrogen peroxide and dlbromo- 
phenoll nlophenol • This indicates that DPr» la not necessary in the malic dehydrogenase 
xsysteni for all acceptors, but la one of several vhlch reacts directly with the substrate. 

The equilibrium of the malate system lies far to the left and as a result oxalacetate 
has a tendency to be reduced to malate by reduced DPI; i Euler, Adler and Gunther, 1957b) . 
This vas sho’vn for animal tissues and for yeast and it indicates that the system is revers- 
ible. The for the malate- oxalacetate system vas shovn by Laid (1957) to be -O .169 at 
pH 7*0 and 57^ and -0.102 by Lehmann and Jorgensen (1959)- Optimum activity is ex- 
pressed over the range of pH 8.0 to 9*0. 

Relationship of Malic to Lactic Dehydrogenase 

i^llc and lactic dehydrogenases have a number of properties in common and their dis- 
tribution in tissues is very similar. Das (1957a) believed they vere identical because 
under the proper conditions the rates of methylene blue reduction by malate and lactate 
were always about the same. Other workers have shovn, however, that two distinct enzymes 
&re involved. Green (193^b) found that the ratio of their activities is variable, depend- 
ing on the source from vhlch the enzyme preparations are obtained. A lactic dehydrogenase 
preparation obtained from S. coll was found to be inactive in the presence of malate. The 
purified malic dehydrogenase of STiraub ( 19 ^ 2 b) does not catalyze the oxidation of lactic 
acid. Finally, malic acid la not oxidized by the crystalline lactic dehydrogenase of 
Straub (19^0). 

According to Green (1956b) oxalacetate la the most effective of any known inhibitor 
of malate oxidation. Calculations based on the limiting oxygen uptake of the system in the 
absence of cyanide as fixative indicate that 0.001 M will inhibit completely. Pyruvate 
and acetoacetate are effective inhibitors. Malonate, tartronate, oxalate and lodoacetate 
inhibit in concentrations above 0.05 M. Malic dehydrogenase is markedly inhibited by mus- 
cle aderylic and adenylpyrophosphorlc acids. The latter compounds presumably compete with 
DPN for the dehydrogenase. Pyrophosphorlc and arsenlous acids, however, increase the oxy- 
gen uptake and the mechanism is not understood. This effect of these two compounds also 
holds for lactic and p -hydroxy butyric dehydrogenases. Inactivation is caused by Increased 
OTQfQen pressure vhlch is presumably due to the oxidation of essential -3H groups ( Haugaard, 

I9U6) . 


0-HYDROXYBUTYRIC DEHYDROGENASE 

Wakeman and Dakin (I 909 ) showed that oxygen is consumed when acetoacetate la formed 
from 3 -hydroxy butyrate in the presence of aqueous extracts of dog liver. Among other early 
workers Thunberg (1920) found tiiat frog muscle reduces methylene blue in the presence of 
- hydro xy butyric acid. The reduction of methylene blue by washed heart muscle in the pres- 
ence of this acid was aho’^n by Banga, Lakl and Szent-Gyorgyi (1955) to be activated by the 
same coenzyme preparation as vas required for the oxidation of lactate. 

According to Green (19^0) 3 - hydroxy butyric dehydrogenase la limited to a few tissues 
such as heart, liver and kidney, with heart the richest source. Quastel and 'Jooldridge 
( 1925 ) shoved that It is present In some bacteria. 

Because of the limited distribution of this dehydrogenase it la believed to account 
for only a small part of the total oxidations. It probably functions in the metabolism 
of food materials, since oxidation of higher fatty acids results in the formation of 
0- hydroxy butyric acid. Quastel and Wheatley (1955) and Krebs and Johnson (1957) made ex- 
tensive studies of 0 -hydroxybutyrate and acetoacetate metabolism in animal tissues. It 
was suggested by the latter workers that the 0 -hydroxybutyrate-acetoacatate system can 
play a part in cellular hydrogen transport. 
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;.yox>ge«i la accepted DPN and is transferred to oxygen by the cytochrome system. It 

4 > '”r ovgen is taken up for each molecule of substrate oxidized 

o cxyge.. >-n=uined .iie irolecule of carbon dioxide was liberated when the hy- 
acetoacetaue -as decomposed with alkali to acetone and hydrazine. The dini- 

^zone of acetone has been isolated and identified. One-half the theoretical 
uptake occurred with tr.e Dn-compound (Green. Dewan and Laloii* IQ^tK 
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rtr complete system consists of 3 -hydroxybutyrate, 

-*- S, the cytochrome system and oxygen. The cyanide inhibits the cytochrome 

whereas the carriers permit the system to function without this 
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Initial rate of oxygen uptake is obtained with 0.07 M substrate and half- 
05 M without fixative. Only with low concentrations of DPN is the rate 
amount of this factor present. Little increase in the rate of oxygen 
©n a .ilxative such as hydrazine is added, but a constant rate is maintained 
The pH of optimum activity is 7-5. 


Properties and Inhibition 




I^loir 1957 ) found the Eq to be -0.282 for the P -hydroxy butyrate- 
Hoff- Jorgensen (1958) obtained a value of - 0.295 at pH 7.0 and 38 ^ C. 
than was found for the lactate -pyruvate and malate-oxalacetate sys- 






atrlklng difference between these systems is the strong inhibition of the 


maiie mmzyrEeB by their end-products of oxidation, pyruvate and oxalacetate, 
rewpec^^ compared to the negligible Inhibition of 6 -hydroxy butyric dehydrogenase 

by • Ireen et al. ( 1957 ) suggested that this difference may be explained on 

^ bag is of the presance of more reduced DPN in the latter system than is ordinarily 

in the lactic and malic systems. This is dependent on the proper differences in 




the oxidati potentials of these systems including that of DPN- reduced DPN. 
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P -^STdroxy "butyric dehydrogenase is inhibited to a significant degree by acetoacetate, 
malonate, oxalacetate, pyruvate and arsenlte. It is completely inhibited by saturation 
with n-octyl alcohol and markedly by 0.001 M adenylic acid. It is not inhibited by 
urethane. As with lactic and malic dehydrogenases^ pyrophosphate causes an increase in 
03 cyg©n uptake. Its effect on this enzyme is actually one of stabilization rather than 
acceleration in that the rate is maintained for a longer time (Green, Dewan and Lelolr, 

1957). 


ISOCITRIC DEHYDROGENASE (Citric Dehydrogenase) 

Battelli and Stem (I910b^ I 9 II) first showed that citric acid is oxidized aerobical- 
ly hy various animal tissues. Thunberg (I 92 O) was the first to observe that methylene 
blue is reduced by citrate in the presence of washed frog muscle and this was later shown 
to be true for most animal tissues. Thunberg ( 1929 ) prepared an alkaline phosphate ex- 
tract of cucumber seed which in the presence of citrate reduced methylene blue. Andersson 
( 1955 ) Wagner -Jauregg and Rauen (1955a) used this extract to study the mechanism of 

action of the enzyme. Bemheim ( 1928 b) obtained a water soluble preparation by precipitat- 
ing the enzyme from an aq^ueous extract of acetone-dried liver with ammonium sulfate. This 
preparation in the presence of citrate reduced methylene blue. It seemed to be specific 
for citrate since reduction was not obtained with lactate, malate, succinate and various 
other compounds. 


The catalytic oxidation of citrate by tissues was clarified by the important work of 
Martlus (1957, 1938) in which he showed that Qt-ketoglutarate is formed from citrate in the 
presence of liver mince. His results indicate that the oxidation of citrate is represented 
by the following equations: 


E^C-COOH 

I + HOH 

HOC-COOH ; 

^C-COOH 

Citric acid (89*2^) 


HC-COOH 

HOCH-COOH 


II + HOH 



Dehy drogena a e 

jj-COOH „ -I— 

HC-COOH 

1 

-2H 

H 2 C-COOH 

[ 

^C-COOH 


Cisaconltic acid (5-11^) 

Dext r 0 1 8 0 0 1 1 r 1 c 

acid (7.7?t) 


0=C-C00H 

HC-COOH -CO 2 


^C-COOH 

Oxalsucclnlc acid a -Ketoglutaric acid 

(a - Ke t o - p - c arboxy - 
glutarlc acid) 

The formation of Isocltric from citric acid through the intermediate, clsaconltate, 
is nonoxidative and the equilibrium is catalyzed by an enzyme known as aconltase. It has 
not been shown definitely, however, that only one enzyme is Involved in this equilibrium. 
Aconltase is similar to fiimarase in stability and senBltlvlty to various reagents but they 
are not identical. liartius (1958) and Johnson (1939) atudied the properties of aconltase 
and reported that at pH 7.0 the equilibrium values for citrate, clsaconltate and isocltrate 
are 80 , k atnd I 6 per cent respectively. According to later work by Martlus and Leonhardt 
( 19 ^ 5 ), the percentages of the three acids present at equilibrium are 89*2, 5*1 nnd 7* 7* 

The isocltrate formed by the equilibrium established by aconltase is catalytlcally 
dehydrogenated to oxalsuccinate, which makes it evident that the enzyme acts on Isocltric 
and not on citric acid. It Is known, therefore, as isocltric dehydrogenase and aconltase 
must be present for It to act in the presence of citrate. 


0==C-C00H 

I 

HCH 

I 

HpC-COOH 


respiratory enzymes 



Distribution, Determination and Mechanism of Action 

hl«Lr planS 

place through the oxidation of isocitrate. ^ ollze citrate and this probably takes 

methylene^Sueror°by'?S"5eiLSwof o^ox^gen^LnsX?'^ ^5® Thunberg method, using 

Adler et al. (I 939 ) determined the actlvitv in Warburg manometers. ^ 

powder, 20 micrograms of TPN, 0.8 micrograms of laJ^ equivalent to k mg. of liver 

lene blue, 0.25 ml. of pH 7.66 veronal-fceSt^bn?? ^ ^ent methy- 

total volume of 2.25 ml. Phosphate buffer cannot 2 isocitric acid in a 

enzyme. Oxygen uptake was measured as an index of thrLtlvitJ.^^°^^^^® inhibits the 

Ochoa (1948) determined the actlvitv of iaoo^+-v.-i^ .i v, j 

photometrically, the rate of reduction of TPN irihrDresS;c''°®rf f spectro- 

an excess of isocitric acid. The enzvmo ™c o + + Presence of the enzyme, Mn ions and 

heart with phosphate solution. It was recover^rf?orthr“ dried Plg 

ammonium sulfate and partiallv nurifi!^ w ^ extract by precipitation with 

material with alumina gel. The actlvitv adsorption of inactive 

that of the initial exfJact. dehydrogenase was increased four times over 


Adler, Euler 


genase. They prepared it fm^^ of = 000 -!+ 7^ ojn.eiisive study of Isocitric dehydro- 

enzyme was pJecl^^Sed fror?hfa^::™a 

was stable in the dry form. ^ ^ with acetone and ether. The enzyme 

naturally''occu?rin^^dextrSaocitriracir'^^?^° dehydrogenase specifically activates the 

but not with DPN. The affinltv of +>, ' © system functions in the presence of TPN, 

the rate of oTHSn+-'? ® ©nzyme for the substrate is extremely high since 

the rate of oxidation was optimum in the presence of 1.25 x 10-5 M substrate ?he 

Mlchaelis constant is therefore less than 1 PS v iri-5 m ^v,- u r substrate. The 

values for oxidizing enzymes The dTT of onf-?^ ^ 4 -^ M which is one of the lowest known 

the rate falls off^ap?S^ ^ optimum activity is 7-0 to 7-5 and below pH 6.5 

Ochoa ( 1945 ) showed that cytochrome reductase iinica -t-vic ^ j -u j 

tern with cytochrome c since the rednntaoe isocitric dehydrogenase sys- 

flaviS™!’ For Lei previously demonstrated that the system requires 

and one mole* of carbnn Hir. oxidized, one-half mole of oxygen was consumed 

be a-ketoglutarate. ^^°^“®d- The reaction product was Isolated and shown to 

dilutions of* tli© dehydrogenase the activity was not proportional to enzyme 

J', due to the preeeno, of en eotlvator In the 

04 . t .1 It dn mi III mum concentration. This was shown to be the case in that Mn ions re- 
stored th® activity completely, whereas partial restoration was obtained with Mg ions. 

The optimum concentration of Mn ions is 5 x lO"'^ M, and for Mg ions it is 2.5 x lO"? M. 


Reversibility of the Reaction 

, The overall reaction appeared to be Irreversible, but it was not possible to decide 
'^.p® ®t" ® l*^dmaiy dehydrogenation of Isocltrate is irreversible since the decomposition 

of oxalsuccinate is extremely rapid. Results obtained by Ochoa and Weisz-Taborl (1945) 
served to clarify this issue. In a study of carbon dioxide fixation they found en enzyme 
in pig heart muscle, oxalsuccinic carboxylase, which catalyzes the equilibrium lietween 
oxalsuccinate and a -ketoglutarate - This equilibrium lies far in the direction of decar- 
®®^^Tntlon. Reversibility of the reaction was demonstrated in the presence of Isocitric 
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dehydrogenase and reduced TPN. The oxalsuccinate formed by carboxylation is reduced to 
dextroisocitrate by reduced TPN. The carboxylase requires the presence of Mn ions. Ochoa 

made a further study of the mechanism of this reaction and found the equilibrium 
constant for the overall reaction to be I .5 x 10”^. This also indicates that the equilib- 
rium lies fsir toward decarboxylation or the formation of ct-ketoglutarate. The reversibil- 
ity of the decarboxylation was confirmed by Grisolia and Vennesland (1947). The reactions 
are represented as follows : 


0=C - C OOH 


Carboxylase + COo + Mn ions 


HCH 


BgC 


-COOH 


a-Ketoglutaric 

acid 


0=C-C00H 


HC-COOH 


B2C-COOH 

Oxalsuccinlc 

acid 


Dehydrogenase 


HOCH-COOH 

HC-COOH 

I 

H 2 C-COOH 

Dextro lsocltric 

acid 


The results given above show that the catalytic dehydrogenation of Isocitrate by 
Isocltric dehydrogenase is clearly reversible. If aconltase is present, citrate is also 
formed due to the equilibrium established. The isocitrate- ketoglutarate system is, ac- 
cording to the citric acid cycle of Krebs, part of a catalytic oxidative system concerned 
with the breakdown of carbohydrate. The a -ketoglutarate can react in this cycle to form 
succinate. The above results also show that this system may play an important part in the 

biological utilization of carbon dioxide. 

In concentrations of 0.01 and 0.001 M iodoacetate inhibited 97 and 75 per cent, respec 
tivelv. This inhibition is effected by action with the Isocitric dehydrogenase and prob- 
ably by interaction with -SH groups. The strong inhibition by pyrophosphate results from 
binding Mn and Mg ions. Cyanide, malonate, fluoride and oxalate do not inhibit (Green, 

1940) . 

GLUCOSE- 6 - PHOSPHATE DEHYDROGENASE 

(Hexose-6-phosphate Dehydrogenase, Zwischenferment, 

Robison Ester Dehydrogenase) 

Barron and Harrop (I 928 , 1929) showed that in the Presence 
methemoglobin, glucose is oxidized by mammalian re 00 ce _ ' , , erythrocytes would 

( 1931 a,b) fouk that a alaar aolatlon 

not catalyze the oxidation of glucose, hut tha _ _^«-n'hoQn'h«t« The ahility of the 

methemoglobin it would oxidize the gy adsorption on alumi- 

cells to phosphorylate glucose was solution and found to consist of two 

num hydroxide the active agent was separated presence of hexosemonophos- 

factors, a ferment and a ®°^®^® -g^- ^®®® 3 age/by the' addition of methylene blue. In the 

?igh?'orSiSr°S?rtS p^eSrluons must have contained yellow enzyme, diaphorase or 

siSlaf med^:to^rto a^co^St^o? the reaction with rr^thylene blue or oxygen. 

j nv, ■« -Hon on the mechanism of hexosemono phosphate 

The work of Warburg and discovery of TPN and yellow enzyme, whicl 

oxidation is important because it resulted niice of coenzyme systems. Their cofer- 

In turn led to the development of our present blood cells was 

ment I was later shown to be TPN ^ ^ i°ani glutathione. Their zwischenferment, 

later reported to be a mixture of cofenne ^ known as glucose-6-pho3phate 

which catalyzed the oxidation of hexosemonophosphate, is now 

dehydrogenase • 

■fa -pruinA in veast 8 ind hlood cells; its distribution 
Glucoae-6-phosphate dehydrogenase is Tauresa? Moller and Bauen (1955) prepared it 

in other animal tissues is not known. Wagner-Jauregg, r 

from frog muscle. 
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Preparation and Purification 


Warburg and Christian (1952) prepared the dehydrogenase 

tom yeast. The enzyme was separated by diluting the extract 
bon dioxide. 


from an extract of dried bot- 
with water saturated with car 


ed blood cells of the rat can also serve as a ready source of this enzyme The cot— 

puscles are washed with 0.9 per cent NaCl, cytolyzed with water and kept at 0° c. A 

crystalline precipitate of hemoglobin forms and carries down the enzyme which la recovered 

y centrifugii^, followed by elution with water. According to Theorell (I 95 I+) the leo- 
electric point of* the enzyme prepared from rat blood is pH 5 * 85 . 

of Geriacher (I 956 ) obtained highly purified dehydrogenase from an extract 

of dried bottom yeast. In their method acid is added to pH k. 6, the inactive precipitate 

separated, and the solution is treated at pH 9-0 and 30° C. to inactivate 

enzipnes. The solution is cooled, adjusted to pH 4.8 and the enzyme is 
precipitated with ammonium sulfate. The precipitate is dissolved in water, made 50 per 

cent saturated with ammonium sulfate, and heated to 4o° C. to give an inactive precipitate 
which is discarded. The solution is dialyzed, the enzyme is precipitated with ethanol 
dissolved, and precipitated twice at pH its isoelectric point. The enzyme becomes 

insoluble at the isoelectric point only after most of the Impurities are removed. 


The final product was dried from the frozen state. It was almost colorless, was solu- 
ble in water except at the isoelectric point and the yield was 8.5 per cent of the dehydro- 
genase content of the original extract. The enzyme is unstable in solution at 0° C. as 
inactivation occurred in 24 hours, but it was stable in 50 per cent saturated ammonium sul- 
fate solution. The nitrogen content was I 3.5 per cent. 


Negelein and Gerischer (I 956 ) determined the activity of their purified glucoee- 6 - 
phosphate dehydrogenase by measuring the oxygen uptake manometrically . The system con- 
sists of l4 mg. hexosephosphate, 0.02 mg. TPN, 0.5 nig. KCN. sufficient dehydrogenase to 
cause an oxygen uptake of 2 to 4 c.mm. per minute, and 10 “® moles yellow enzyme dissolved 
in 5 '^5 inl* of 0.01 M phosphate buffer. An oxygen uptake of 550 c.mm. of oxygen per 
minute was obtained with 1 mg. of the purified enzyme. 


Specificity and Mechanism of Action 


The dehydrogenase is specific for glucose- 6 - phosphate and does not attack fructose 
phosphate and hexosediphosphate. It is highly specific for TPN arid is Inactive with DPN. 
The reaction is represented as follows: 


B^C-O-PC^B^ 


(CHOH)^ 


H2O 


TPN 


Dehydrogenase 


C - 0- PO^ Bq 
( CH 0 H)|^ 


reduced TPN 


CHO 


COOH 


Glucose - 6 - phosphate 
(hydrate) 


6 - Phosphogluc oni c 

acid 


Warburg and Christian (1952) showed that glucose- 6 -pho 3 phate dehydrogenase prepared 
from yeast catalyzes the oxidation of glucose- 6 -phosphate in the presence of purified co- 
ferment, TPN, of blood cells, and yellow enzyme obtained from bottom yeast. The TPN 
receives the hydrogen and passes it to the yellow enzyme which is reoxldlzed by oxygen or 
methylene blue. The rate of reaction decreases as reduced TPN is formed. This is due to 
the fact that the reduced TPN competes with oxidized TPN for the enzyme as they seem to 
have eq,ual affinity for the dehydroeenase. The TPN is highly active in the presence of 
excess dehydrogenase and yellow enzyme. 

It was shown by Warburg, Christian and Griese (1955) that one mole of glucose 6 
phosphate Is oxidized for each half mole of oxygen consumed when the reaction proceeds to 
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complotlon In the presence of purified enzyme. From this it was concluded that phospho- 
hexonic acid is formed^, and 6-phosphogluconic acid was Isolated from the reaction mixture 
of a large-scale experiment. Beversihillty of the system has not been demonstrated. The 
6-phosphogluconlc acid is catalytically oxidized in the presence of TPN to the correspond- 
ing keto acid by phosphohexoni c acid dehydrogenase. 

Phosphate Inhibits glucose-6-phOBphate dehydrogenase. This is apparently due to com- 
petition with the coenzyme for the enzyme. Accordixig to Dickens and Mcllwain (1958) iodide 
in low concentrations inhibits this system, and Euler and Adler (1955) found that the de- 
hydrogenase is strongly inhibited by heavy metals such as Cu ions. Hass (19^^) showed 
that glucose- 6- phosphate dehydrogenase is inhibited competitively by low concentrations of 
atabrine. Altman (19^6) foxmd that it is effectively inhibited by sulfonamides. 

a-GLYCEROPHOSPHATE DEHYDROGENASE (DPN) 

The a -glycerophosphate dehydrogenase discussed in this section acts in the presence 
of DPN. It is different from the dehydrogenase of Green which catalyzes the direct reac- 
tion of the same substrate with cytochrome c. The DPN- linked enzyme is also different from 
triosephosphate dehydrogenase. This is shown by the fact that it is insensitive to lodo- 
acetate, as compared to the sensitivity of the triosephosphate enzyme to this reagent. 

The DPN- linked dehydrogenase is found in muscle, kidney, liver and brain of the rat, 
and in rabbit muscle (Euler, Adler and Gunther, 1957a). It is also present in heart mus- 
cle. 


A soluble extract of this dehydrogenase was obtained from cucumber seed (Wagner- 
Jauregg and Rauen, 1955b) . A soluble preparation has also been obtained by grinding and 
centrifuging plasmolyzed yeast ( Ogston and Green, 1955. 1956). This yeast enzyme oxidized 
a -glycerophosphate and apparently it was not linked with the cytochrome system. 


Euler, Adler, Gxmther and Hellstrom (1957) showed that an extract of acetone dried 
muscle powder causes the dehydrogenation of glycerophosphate in the presence of DPN. The 
oxidation of a “glycerophosphate was also studied by Euler, Adler and Gunther ( 19579-) • 

They used the pH 5-5 insoluble fraction from an alkaline phosphate extract of minced rat 
muscle. This preparation contained a -glycerophosphate and lactic and malic dehydrogenases. 
Results obtained on fractionating muscle extract showed that Of -glycerophosphate dehydro- 
genase is distinct from the latter two enzymes (Adler, Euler and Hughes, 1958). 


The activity of the enzyme was determined by the Thunberg method (Euler, Adler and 
Gunther, 1957a). The reaction mixture consists of 0.25 ml. of 0-5 M phosphate buffer of 
pH 7.6, 0.5 ml. of 0.02 per cent methylene blue, 0.25 ml- of 0.5 M potassltim glycerophos- 
phate, 0.25 ml. of enzyme, 0.5 mg. of DPN, and 0.25 ml. of yellow enzyme. Adler, E\iler 
and Hughes (I 958 ) determined the activity by following the reduction of DPN spectro- 
metrlcally. 

a -Glycerophosphate dehydrogenase is highly specific for natural a -glycerophosphate. 
It does not activate the \mnatural Isomer or ^ -glycerophosphate. It requires DPN and is 
not active in the presence of TPN. 


The Of -glycerophosphate system is represented as follows (Adler, Euler and Hughes, 

1958 ) : 


^C-0-P05H2 


HCOH 


Dehydrogenase 


DPN 


0— POxH^ 


c=o 


+ Reduced DPN 


CH2OH 

a -Glycerophosphate 


C^OH 

Dlhydroxyacetone phosphate 
( Triosephosphate) 
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Hill 


larlzed in "th© review by 


According to Adler, Euler and Hughes (I 958 ) the product 
dihydro xyacetone phosphate. The evidence for this is also su 

Elliott (1941). The aihydroiyacetone phosphate for.», an .TalH^A^rvrt'hllAIAiLhrde 

rapidly reoxldUed Euler et al. (1937a) suggested thai the principarf;™"™ “ tMs 

dehydrogenase is the catalysis of the reduction of triosephosphate to glycerophosphate in 
the presence of reduced DPN. •t' r u sxjroeropnospnape in 


Tile system reduces methylene blue and also yellow enzyme in the presence of DPN. When 
other systems are not present to oxidize the. reduced DPN, an equilibrium is established as 
indicated in the equation. The position of the equilibrium and the rate of reductiS of 
coenzyme are dependent on the pH. Equilibrium constants were calculated from data obtained 
by spectrometrically following ^he reduction of the coenzvme. The constants found at pH 
6 . 9 , 7.6 and 8.1 are 6.5 x lo"^, 0.55 x 10 ^ and 0 . 1 ? x 10 ^, respectively. 


^ler, Adler and Gunther (1957a) showed that a preparation made from rabbit muscle 

caused more rapid reduction of methylene blue with glycerophosphate in the presence of DPN 

than in its absence. The activity in the absence of DPN is due to the presence of Green’s 

cytochrome- linked dehydrogenase since the preparation was shown not to be contaminated 
with DPN. 


Adler, Euler and Hioghes (1938) demonstrated that muscle extract in the presence of 
glycerophosphate and pyruvate oxidizes reduced DPN. Since the extract contained lactic 
dehydrogenase, the pyruvate was reduced to lactate. Because this reaction takes place in 
the presence of lactic and glycerophosphate dehydrogenases, it is, according to Adler, 
Euler and Hughes (I 958 ), equivalent to the oxidation of glycerophosphate by mutase reported 
by Green, Needham and Dewan (I 957 ). Meyerhof and Kiessling (1955, 1935) observed this 
dismutatlon and concluded that since this reaction is slow, another system, namely the 
dismutatibn between triosephosphate and pyruvate, is the main lactate-yielding reaction. 

Another reaction in which glycerophosphate dehydrogenase takes part is the dismutatlon 
of two molecules of triosephosphate to give glycerophosphate and phosphogly cerate. This 
reaction takes place in the absence of a hydrogen acceptor, such as pyruvate, and in the 
presence of DPN and triosephosphate and glycerophosphate dehydrogenases. 

Pyruvate and oxalacetate Inhibit the reduction of methylene blue by the DPN- linked 
system of the muscle extract prepared by Euler, Adler and Gunther (1937a)* This is be- 
cause the reduced DPN reduces these compounds instead of the methylene blue since lactic 
and malic dehydrogenases are present in the preparation. The enzyme is not Inhibited by 
cyanide and lodoacetate. 


ALCOHOL DEHYDROGENASE 
(Aldehyde Reductase) 

The early work on alcohol dehydrogenase is of interest because the first recognition 
of an oxidizing enzyme as a dehydrogenase was the observation of Wieland ( 1913 ) that methy- 
lene blue is reduced in place of oxygen during the oxidation of alcohol by acetic acid 
bacteria. It was also the first oxidizing enzyme to be ciystallized. The results obtained 
with various tissues and organisms previous to the discovery of coenzymes and yellow enzyme 
have, to a large extent, been superseded by the results of later work. 

Various kinds of bacteria, molds, yeasts, higher plants, seeds and animal tissues are 
capable of catalytically oxidizing alcohol (Elliott, 19^1)* Ibe dehydrogenase of yeast, 
animal tissues and bacteria will be discussed in this order. 

Crystalline alcohol dehydrogenase was prepared from yeast by Negeleln and Wulff 
( 1957 ). The maceration Juice from baker's yeast was heated to 56 ^ C., which precipitate 
inactive protein. The solution was made 35 cent with acetone and the resulting pre- 
cipitate was reitoved. The enzyme was precipitated by adding acetone to 50 P©r cent ai^ 
dried in vacuo. The dry material was dissolved in water, and the more soluble protein ^ 
impuriWes w^e removed by precipitating the enzyme with ammonium sulfate, first at 62 per 
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cent and then at 50 per cent saturation. It was next precipitated successively at pH 5*0 
in the presence of alcohol concentrations of 64 6o and 26 per cent. The enzyme^ which 
precipitates slowly from. 26 per cent alcohol^ was dissolved in water and made 27 p©r cent 
saturated with ammonium sulfate. The dehydrogenase ciystallized from this solution. 

The enzyme was stable when kept in the dry form in the cold. It was highly active as 
shown by the fact that 0.001 mg. caused an uptake of 2.5 c. mm. of oxygen per minute which 
is equivalent to a Qq 2 of 150 ^ 000 . 

The activity of alcohol dehydrogenase was determined by Negelein and Wulff (1957) by 
measuring the oxygen uptake manometrically . The reaction mixture consists of 1 ml. of 
0.15 M pyrophosphate buffer of pH 7*8, 0-5 nil. of 0.1 M semicarbazide solution^ 0.5 ml* of 
4 X 10"5 M yellow enzyme^ 0.1 ml. of alcohol^, 0.55 x 10”5 mg. of enzyme protein and 0.4 mg. 
of DPN. The semicarbazide was used to bind the aldehyde and prevent the reaction from com- 
ing to equilibrium. The Thunberg method can also be used to measure the activity. 

Alcohol dehydrogenase is not highly specific, since normal propyl, isopropyl, secon- 
dary propyl, isobutyl, butyl, normal amyl and other alcohols are oxidized (Muller, 195^ J 
Euler, Adler and Hellstrom, 1956). Bydroxy acids, sugars and polyhydroxy compounds are 
not activated. The enzyme is specific for DPN. 

Dehydrogenase preparations of yeast in the presence of alcohol reduced methylene blue 
rapidly on addition of DPN and yellow enzyme. The activated hydrogen reduces the DPN, and 
yellow enzyme mediates the transfer of the hydrogen from the reduced DPN to methylene blue 
or oxygen (Euler and Adler, 195^, 1956). The oxidation resiolts in the formation- of acet- 
aldehyde and the reaction is represented by the equation: 


CH5 

I + DPN 

Cl^OH 


CH5 

CHO 


Deduced DPN 


Ethyl Alcohol 


Acetaldehyde 


Peverslbility of this reaction was indicated by the visible reoxldatlon of leuco- 
yellow enzyme by acetaldehyde in the presence of the dehydrogenase and DPN (Euler and Ad- 
ler, 195 ^, 1956 ). This was confirmed spectrophotometrlcally by Euler, Adler and Hellstrom 
( 1956 ) and by Negelein and Wulff (1957) using pure enzyme. The reduction of aldehyde is 
the more rapid reaction and the dehydrogenase has much greater affinity for aldehyde than 
it has for alcohol. Maximum rate of DPN reduction was obtained with 0.5 M alcohol and 
maximum rate of reduced DPN oxidation with 2.5 x 10”5 M aldehyde. 

Negelein and Wulff (1957) concluded, on the basis of kinetic studies, that the oxida- 
tion of alcohol to aldehyde Involves the formation of a complex compound between the de- 
hydrogenase and coenzyme. With low concentrations of enzyme the dissociation constant for 
the compound of dehydrogenase and DPN is 5 x 10"5^ whereas the constant for the dehydro- 
genase and reduced DPN is 9 x 10“5. Thus the affinity of DPN for the enzyme is three times 
that of reduced DPN. As Indicated above the dehydrogenase has much greater affinity for 
aldehyde than for alcohol. 

Negelein and Wulff (1957) showed that on the basis of a molecular weight of 70,000, 
one molecule of the dehydrogenase in the presence of excess alcohol catalyzes the reduc- 
tion of 17,000 molecules of DPN per minute at 20*^ C. In the presence of excess acetylde- 
hyde and the enzyme 28,500 molecules of reduced DPN are oxidized per minute. This indi- 
cates that in the presence of low concentrations of alcohol, aldehyde is reduced many times 
faster than alcohol is oxidized. The equilibrium, therefore, lies far to the left. This 
makes it essential to fix the aldehyde with a reagent like semicarbazide in order to study 
the aerobic oxidation of alcohol. According to Euler, Adler and Hellstrom (I 956 ) the 
equilibrium constant Increases with decreasing pH because at pH 7*7, 7-0 and 6.4 it is 
0.8 X 10 ^, 1.9 X 10 ^, and 7-8 x 10 ^, respectively. 

Euler, Adler and Hellstrom (I 956 ) showed that in fermenting yeast acetaldehyde is re- 
duced to alcohol by alcohol dehydrogenase in the presence of reduced DPN. The reduced DPN 
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dehydrogenation of triosephoaphate to phoaphoglycerate by 

= an^e, as vas shora above, the equilibrium for the alcohol dehydrogenase system lies fa?^ 
oo ^he left, alcohol is readily formed. In this coupled system the alcohol dehydrogenase 


The 

- 0.163 V 

eiectrt c 


ethyl alcohol-acetaldehyde system was reported hy Kalchar (IQifl) to be 
at 230 C. and pH 7-0. According to Euler and Hellstrom (I 937 ) the pH of the iso- 
point of purified dehydrogenase of yeast is 5.2 as Indicated by cataphoresis. 


According to Dixon (1957) alcohol dehydrogenase is markedly inhibited by 0.001 M 
iodoaceoate and also by 0.00053 M iodoacetate, providing the enzyme is incubated with the 
reagent for a short time. Cyanide does not inhibit. According to Euler and Adler ( 1935 ) 
the encyme is strongly inMbited by Cu, Ag and Bg ions. This is also true for the crystal- 
line enzyme. The activation of the system by reduced glutathione is probably due to re- 
movai of heavy metal ions. 


Alcohol Dehydrogenase of Animal Tissues and Bacteria 


The oxxdation of alcohol by animal tissues was first studied by Battelli and Stem 
. rhey showed that liver is the richest source of the enzyme and kidney is second 
^n actikxt^y. Other tissues are almost free of the enzyme# The alcohol dehydrogenase of 
anxsstl tissues has been studied by Lutwak-Maiin (1938)* The enzyme was obtained from horse 
liver. After heating an extract of the liver to eliminate Inactive protein, the enzyme 
was precipitated twice with acetone# Further purification was accomplished by fractiona- 
tion with asmonlum sulfate. It is stable in the dry form# 

Bonnichsen and Waesen (I 9 W) prepared alcohol dehydrogenase from horse liver by a 
modification of the method of Lutwak-Mann (1938)# They obtained the enzyme in crystalline 
form after several fractionations and precipitations with ammonium sulfate and ethyl 
alcohol. 


It was shown by Lutwak-Mann (1938) that DPN is required for the oxidation of alcohol 
in the presence of methylene blue. If a molecular weight of 70,000 is assumed, and 0.1 M 
alcohol and 0 .I 5 mg# DPN per ml. are used, one molecule of the ciystalllne dehydrogenase 
converts 220 molecules of DPN per minute to reduced DPN (Bonnichsen and Wassen, 19^)- 
Addition of cytochrome, cytochrome oxidase and diaphorase in the form of washed heart mus- 
cle resulted in rapid oxygen uptake (Lutwak-Mann, I 938 ) . Ethyl alcohol was oxidized to 
acetaldehyde, and anyl and propyl alcohols were oxidized almost as fast as ethanol# 
a- Glycerophosphate and glycerol are not activated, and methyl alcohol has no effect on the 
oxidation of ethanol# Optimum activity with methylene blue was found to be at pH 7*6 and, 
accordliag to Eelchel and Kbhle (1935) ^ the optimum is pH 7*0 for the aerobic oxidation of 
pxx)pyl alcohol# 


The dehydrogenase of animal tissues and bacteria is not inhibited by 0#01 M lodoace- 
tate, whereas the enzyme of yeast as Indicated above is inhibited by 0.001 M# This indi- 
cates that the enzyme of yeast is not identical with that of animal tissues and bacteria# 
Bemhelm (I 938 ) found that 10“^ M alloxan increases the rate of alcohol oxidation by liver 
SUB pensions, but this effect lias not been explained. 


DPN is required for the oxidation of alcohol by acetic acid bacteria (Lutwak-Mann, 
1938 ) * Results obtained with suspensions of Acetobacter suboxydans indicate that the co- 
enzyme is present in the suspension and that It is removed by dialysis# The pH of optimum 
activity is 4 . 5 . Methyl alcohol is not oxidized, but it inhibits the oxidation of ethanol- 


GLUCOSE DEHYDROGENASE 


Glucose dehydrogenase which catalyzes the oxidation of glucose to gluconic acid was 

discovered in mammalian liver by Harrison (1931)* It is not identical with 
f oiind In Aflpeiwlllna nlger Muller ( 1928, 1931) and In Penlol Ilium notatum ly Birklnshaw 
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and Eaistrick ( 1945 ) since the oxidase does not require coenzyme and does not react with 
ffisthyl©!!© IdIu©# Til© ©nzym© Troni PQni cl Hi mu Is also Idiown as riotatin.* 

According to Lyn©n and Franlce (1941) glucoa© d©hydrog©nas© occurs in th© livers of 
various animals, such as the cow, hors©, sheep and goat. 

Harrison (1931) prepared the dehydrogenase by extracting acetone dried liver- with 
water and recovered the enzyme hy saturating the extract with ammonium sulfate. Th© pre^ 
cipitate was dissolved in water ^ dialyzed and filtered without loss of activity. Mann 
( 1932 ) precipitated the enzyme by half- saturation with ammonium sulfate, but it was rela- 
tively inactive until an activator was added. The activator was obtained from a boiled 

aq.ueous extract of liver by precipitation with alcohol. This suggested that a coenzyme 
was required. 


Harrison (1933) prepared glucose dehydrogenase that was relatively free of coenzyme. 
Acetone dried liver was extracted with water. Th© aqueous extract was dialyzed and an in 
active precipitate was removed at pH 5- 7- Th© dehydrogenase was precipitated by half- 
saturation with ammonium sulfate, reprecipitated, dried and stored in vacuo. Th© enzyme 
contained in this preparation, in th© presence of glucose, reduced methylene blue very 
slowly until coenzyme was added. 


Th© coenzyme was precipitated from th© half- saturated filtrate by saturating it with 
ammonium sulfate. Th© precipitate was dissolved and heated in boiling water to coagulate 
the protein so as to separate it from th© coenzyme which was recovered by evaporating th© 
filtrate to dryness. After separation from the protein, th© coenzyme was dialyzkbl© and 
it was not precipitated with ammonium sulfate. 

Andersson (1934) showed that cozymas© can act as th© coenzyme of glucose dehydrogenase 
and since cozymas© was found to be present in the coenzyme preparation of Harrison, it was 
concluded that the enzyme requires cozymase or DPN. Purified dehydrogenase of liver is 
specific for DPN (Lynen and Frank©, 1941). Th© reports of Das (I 936 ) and Qiiibell (I 938 ) 
that it reacts either with DPN or TPN are presumed to have been due to contamination of 
their preparations. 


Specificity and Action 

Glucose dehydrogenase is highly specific for D-glucose. It does not activate other 
sugars, such as fructose, galactose and arablnose. 

Th© activity of glucose dehydrogenase can be determined by measuring th© oxygen up- 
take manometrlcally (Schultze, Harrer and King, 1939)* Glucose is th© substrate and it 
reacts with methylene blue in th© presence of th© enzyme and DPN. Th© dye acts as media- 
tor for oxygen uptake. 

Th© oxidation of glucoa© to gluconic acid la represented as follows: 


C5dOH 

I 

(CH0H)4 

I 

CHO 

D-G-lucoae (hydrate) 


DPN 


Dehydrogenase 


CBbOH 

I 

(CHOH)i^ +• Eeduced DPN 

I 

COOH 

D- Gluconic acid 


Harrison (1932) showed that approximately 0.5 mol© of oxygen is consumed in th© presence 
of methylene blue for each mol© of glucose oxidized. Th© end-product was isolated from 
th© reaction mixture as th© calcium salt in 60 per cent yield and identified as D-gluconic 
acid. The maximum rat© of reaction is obtained with 0.25 M and half- maxi mum with 0.07 M 
glucose. This indicates that th© enzyme has low affinity for its substrate. The activity 
was constant from pH 6.0 to 8.0. 
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ase preparations made from heart muscle. 



st pH 6.0. Inhi'Ditlon was not c 
decomposed in alkaline solution. 


.-.c cording to Yudkin (1935, 195^) there is a glucose dehydrogenase in E. coli which 
req,;iires DPN. Quastel and Wooldridge (1925, 192?) and Quastel and Whetham (I 925 ) showed 
tnat in the presence of glucose certain hacteria reduce methylene blue. The dehydrogenase 
7 ; however, differs in certain respects from the enzyme of liver. It is in- 

— ^ ^^ted cy toluene whereas the liver enzvme nnt-. nnii -i-i- ■; = o/-'HTr.» low concentrations 



FORMIC DEHYDROGENASE 


vrishart (1923) reported that phosphate extract of rabbit liver will catalyze the oxi- 
dation of formate as shown by the methylene blue teat. It is indicated in the review by 
— — ( 19 ^ 1 ) that formic dehydrogenase is found in frog muscle and in the liver and mus- 
cle of the guinea pig. It occurs in yeast and molds. It is widely distributed in bacteria 
and in plant tissues in which it is highly active. 


Higher Plants as Source of Dehydrogenase 


±odor and Frankenthal (I 93 O) showed that formic dehydrogenase can be extracted with 
water from plant tissues such as peas and cereal grains. The enzyme was purified by pre- 
cipitation with acetone and extraction of the precipitate with pH 6.0 phosphate solution, 
followed by treatment of the solution with kaolin. When formate was added to this prepara- 
tion an increase in methylene blue reduction occurred. A dialyzed phosphate extract of 
peas prepared by Andersson (193^)/ in the presence of formate, reduced methylene blue only 
when coenzyme was added. The dehydrogenase was shown to be specific for DPN by Adler and 
Ereenivasaya (1937)- Yellow enzyme caused Increased oxygen uptake, but did not affect the 
reduction of methylene blue. Spectrophotometric observations showed that the enzyme in 
the presence of formate reduces 85 per cent of the DPN. Carbon dioxide in the presence of 
the enzyme and under noi^nal pressure did not reoxidize the reduced DPN, indicating that the 
reaction is not easily reversible. The overall reaction is represented as follows; 


— CO 2 **■ Eeduced Acceptor 
Carbon dioxide 


HCOOH + Acceptor 
Formic acid 


Fodor, Frankanthal and Kuk (1930) did not obtain cyanide inhibition of methylene blue 
reduction with the plant enzyme. Later Adler and Sreenivaaaya (1957) studied the formic 
dehydrogenase of the green pea and found that both methylene blue reduction and oxygen 
consumption are almost con^pletely inhibited by 0.001 M cyanide. The reason for this dif- 
ference in results is not clear. This is the only coenzyme-linked dehydrogenase reported 

to be inhibited by cyanide. 
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Bacteria as Source of Dehydrogenase 


Suspensions of* resting hacterla or preparations in which other dehydrogenases were 
inactivated hy treatment with toluene have heen used for the study of* fonnlc dehydrogenase. 
Quastel and coworkers (1925, 192?) showed that bacteria such as E. coli ( Escherichia coli ) 
reduce methylene blue in the presence of* formate and Cook and Stephenson ( 19 ^ 8 ) reported 
that they cause oxygen uptake with formate. Washed suspensions of the bacteria reduce the 
dye faster in the presence of formate than with the other compounds tested except sugars. 

Stlckland (I929) demonstrated that when E. coli are digested with trypsin for as long 
as two weeks/ the dehydrogenase activity Increases as much as five times in the first few 
days. The enzyme^ which was associated with insoluble material, reduced methylene blue In 
the presence of formate, but did not take up oxygen, suggesting that the digestion de- 
stroyed cytochrome oxidase. 

Grale ( 1959 ) prepared formic dehydrogenase from E. coli in the form of a fine sediment 
and studied the enzyme in some detail. The results of Stlckland (I929) using tryptic di- 
gestion were confirmed. It was shown that the dehydrogenase reacts with oxygen through the 
cytochrome system. This reaction is Inhibited by cyanide. According to Cook, Haldane and 
Mapson (1931) low concentrations of cyanide Inhibit the aerobic oxidation of formate by 
E. coli , but not the reduction of methylene blue. Inhibition by other reagents is dis- 
cussed in the review by Elliott (19^1) • The enzyme does not require DPN or TPN. .-In the 
light of these results it appears that the formic enzyme of E. coli should be classed with 
the cytochrome- linked dehydrogenases. It follows from this that the bacterial enzyme is 
distinct from the DPN-llnked dehydrogenase of higher plants. 

The enzyme in the digested sediment used by Gale (1959) is inactivated by oxygen in 
the presence of formate. Eeactlvation occurred on anaerobic Incubation. Increasing the 
oxygen tension and the action of cyanide accelerated the inactivation, whereas lowering the 
oxygen tension and the presence of methylene blue inhibited the Inactivation. It was sug- 
gested on the basis of these results that the dehydrogenase reacts with oxygen (1) direct- 
ly, which leads to inactivation, and (2) indirectly through the carrier system, which di- 
verts the oxygen and protects the enzyme. 

Cook and Alcock (1951) found that E. coli in the presence of formate show optimum 
activity toward methylene blue from pH 7-0 to pH 9.5 when phosphate buffer is used. The 
optimum is at pH 9.5 with borate buffer. Oxygen uptake was greatest at pH 6.0. The con- 
centration of formate for maximum methylene blue reduction is 10 M and for half -maximum 
it is 5 X 10“5 M. 

GLUTAMIC DEHYDEOGENASE is discussed in the chapter on NITEOGEN METABOLIZING ENZYMES, 
and LACTIC and TEIOSEPHOSPHATE DEHYDEOGENASES are presented in the chapter on GLYCOLYSIS . 


General 


Summary 


of Information on 


the Pyridine— Nucleotide— Linked 


Anaerobic Dehydrogenases 


The dehydrogenases of this group have in most cases been prepared in relatively puri- 
fied form. Malic and glucose -6 -phosphate dehydrogenase have been highly purified. The 
alcohol ■( yeast and animal tissues), lactic (animal tissues) and trlosephosphate enzymes 

have been crystallized. 


Lactic, malic and & -hydroxybutyrlc dehydrogenases are similar in many respects but are 
not identical. They catalyze the dehydrogenation of their respective hydroxy-acid sub- 
strates to keto acids. Ethyl alcohol is oxidized to acetaldehyde. Compounds such as glu- 
cose which contain an aldehyde group are catalytlcally oxidized to the corresponding acids. 


The mechanism of hydrogen transport by these systems is complicated. The first ac- 
ceptor in most cases is DPN, but Isocltrlc, glucose-6-phosphate and glutamic (yeast and 
bacteria) dehydrogenases require TPN. Lactic and malic dehydrogenases have been shown not 
to be exclusively DPN-specific. Malic, ^-hydroxybutyric, glutamic (animal), isocitric and 
glucose dehydrogenases react through the cytochrome system, but proof that this is true for 



lUo 


respiratory enzymes 



all the enz 3 Tnea of this group 
in which DPW acts as acceptor 
reactions in which TPN is the 


13 lacki^. As a rule reactions catalyzed by dehydro^^^no 

are easily reyersible oxidation- reduction system^ Sfr^f® 
acceptor are not readily reversible. ’ whereas 


and tSosShLSat^del^J laooltrlc 

ity Of the slucoee entJL wZ deZd'rZZZesZaZrSdZdf 

are given in Table k. certain of the pyridine-nucleotide-linked dehydrogenases 


TABLE IV 

Physical Constants of Anaerobic 


Pyridine-Nucleotide -Linked Dehydrogenases 


Dehydrogenase 


Malic 


Lactic 


3 -Bydroxy- 
buty rl c 

Glutaml c 

laocltrlc 

Alcohol (yeast) 


Glucose 

Glucose- 6 - 

phosphate 

Formic 


pH of 
Optimum 
Ac ti vi ty 


8 . 0 - 9.0 


6 . 0 - 8.0 


5*5-6 . 0 


Michaelis Constant 
Kjn (in molarity of 
Sub strate) 


0.01 


0.01 


0.005 


0.0075 

<1.25 X 10“5 

0.024 (alcohol) 
0.0001 (aldehyde) 

0.07 


0.007 


Beferences apply only to the values 


Eq of system 
at TOC 

(in volts at 

pH 7.0) 


0 . 169 

0.102 


- 0.180 


0.293 


- 0.03 
- 0.30 
- 0 . 163 


- 0.45 

- 0.43 


0.42 


o 


o 


Re ference* 


Laki ( 1937 ) 
Lehmann and Hoff- 
Jorgensen (1939) 

Barron and 
Hastings (1934) 

Ho f f - J organs en 

( 1938 ) 

Kalckar (1941) 
Ochoa ( 1946 ) 
Kalckar (1941) 


Kalckar (1941) 
Ochoa ( 1946 ) 

Woods ( 1956 ) 
Kalckar (1941) 


UNCLASSIFIED DEHYDROGENASES 

PYRUVIC DEHYDROGENASE 


Thunborg (I 920 ) showed that pyruvate In the presence of* frog muscle causes reduc 
of methylene blue. Pyruvate is oxidized by various animal tissues (Peters et al. 1934 
1956 ; Krebs and Johnson, 1937; Lipmann 1957; Stumpf, Zarudnaya and Green, 1947) and by 
bacteria (Krebs, 1957; Barron and Lyman, 1939; Lipmann, 1939a; Stumpf, 1945 ) . 


1 . 


Lipmann (1937) showed that methylene blue is reduced by pyruvate in the presence 
brain tissue and the rate was maximum with 0.001 M pyruvate. The lactic acid bacterium. 
Lac tobac i Hue delbrueckii, ’has been used extensively for the study of pyruvate oxidation 
(Lipmann, 1939^^ 1941, 1944). An acetone dried preparation was obtained from the bacteria 
which oxidizes pyruvate to acetate and carbon dioxide. The enzyme has optimum activity 
over the pH reuige of 6.0 to 6.5* 
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Under anaeroUic cond.i'blons a dlsnni'ta'bion of* pyruvate can occur with the production of* 
lactate^ acetate and carbon dioxide* Presumably this is a carrier- linked reaction between 
the pyruvic and lactic dehydrogenase systems* This reaction is represented as follows: 


2 CH 5 COCOOH + :^0 CH 3 COOH + CH 3 CHOHCOOH + CO 2 

Pyruvic acid Acetic acid Lactic acid 

The oxidation of pyruvate reciuires inorganic phosphate^ cocarboxylase, flavin adenine 
dinucleotide (FAD) (Lipmann, 1959^)^ magnesium ions and the dehydrogenase. According to 
Lipmann the oxidation is represented as follows: 

1. C%COCOOH + H 3 PQ 4 ► CH 3 -C( 0 H) 0 P 05 B^-C 00 H 

I^ruvic acid Pyruvic acid phosphate hydrate 

2 . C^-C(OH)OPC^E^-COOH + FAD .. . Dehydrogenase ^ CE^-coOPOj^ + CO^ + reduced FAD 

lyruvlc acid phosphate Acetylphosphorlc 

hydate acid 

5 . 2 CH 3 -C 00 P 05 ^ + Adenylic acid ► 2C&C00H + Adenosine triphosphate 

Acetylphosphorlc Acetic acid 

acid 


Flavin adenine dinucleotide is the hydrogen acceptor in reaction 2. The reduced di- 
nucleotide is oxidized by oxygen under aerobic conditions. Methylene blue can take the 
place of oxygen as hydrogen acceptor. Under aerobic conditions hydrogen peroxide is formed 
and it in turn oxidizes pyruvic acid to acetic acid, carbon dioxide and water. 

According to Llpmaxm (1941) pyruvate is dehydrogenated only in the presence of inor- 
ganic phosphate. This dehydrogenation results in the formation of energy-rich phosphate 
bonds which cause adenylic acid phosphorylation to give adenosine triphosphate (reaction 3 )* 
The primary oxidation product is known to be acetyl phosphate since synthetic acetyl phos- 
phate transfers energy- rich phosphate to adenylic acid. 

The dehydrogenase system of L. delbruecki i is similar to that of E. coll in that the 
oxidation is also coupled with adenylic acid phosphorylation. Stumpf ( 19^5 ) studied pyru“ 
vie acid oxidation by Proteus vulgar! s , but in this case inorganic phosphate is not re- 
q^uired and acetyl phosphate is not an intermediate. Dlphosphothi amine is reciulred. 

Animal Tissues as Sources of Enzyme 


The pyruvic dehydrogenase of animal tissues has not been purified or obtained in solu- 
ble form. According to Krebs and Johnson (1937) animal tissues are capable of removing 
Pyruvate by dismutation and by oxidation* The essential reaction in both cases may be oxi- 
dative decarboxylation to acetate and carbon dioxide. Under aerobic conditions oxygen la 
the final hydrogen acceptor, whereas pyruvate acts as the acceptor during dismutation. 


Stumpf, 2^rudnaya and G-reen (19^7) described two enzymes from pigeon breast muscle 
which catalyze the oxidation of pyruvic and a-ketoglutarlc acids. These enzymes require 
dlphosphothi amine, but not inorganic phosphate^ flavin adenine dlnucleotlde, adenosine 
triphosphate, cytochrome c or divalent metal ions. The enzymes their resnect 

substrates to react with molecular oxygen, ferri cyanide 
oxidation depends on the partial pressure of oxygen. 


The rate of 


Green, Loomis and Auerback (1948) reported the presence of a cyclophorase system in 
rabbit kidney which catalyzes the oxidation of pyruvate to carbon dioxide and water by way 
of the citric acid cycle. The activity of this system is greatest in rabbit kidney but It 
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HYDROGENASE 

Hydrogenaae is the name given to the enzyme that enables an oraaniam tn hoa mr.i i 

hydrogen. It la of ohvloua algnlfloance for ?hose autotrophic Lo^ whoL^irioSif 

l^fli-asan (for example, the BydroKenomonae . eometl... 
ed the gnallgas bacteria) in which the oxidation is specificaliy linked to the fira 

t ion of carbon dioxide (Lee and Umbreit, 19^0; Kluyver and Manten, 1942). The occurrence 

of the enzyme in typical heterotrophic species as Escherichia cnli ^ 

since It activates the specific substrate, Bfe, In e reversible manner (Green Sd sfr^SLd, 


% 


2H 


2H' 


2 electrons* 


^4 T 4 ^ .L^a.^ox^o-11 iiaa Oil© nignes-c reauctlon potential of any 

knoTO biological system (E^ = -0.445 at pH 7.0 and 30° C.), It may, therefore, be impo^?^ 
t^t as an intracellular reducing agent serving to keep other enzymes in the reduced active 

S U& o© « 


Because of this possible role in enzyme mechanisms its occurrence is of interest. 
Grohmann (1924) first showed that representatives of widely different groups of bacteria 
are capable of hydrogen oxidation. This has been confirmed by several workers for many 
bacteria ^d a few species of algae: E. coli and coli-acidilactici . nnH Vibrio Rubent- 
g_chlckll (Stephenson and Stickland, 1931, 1932), Clostridium Welchll (Woods, I 936 ), Aero- 
pacter a^rogenea and cloacae ( Ordal and Salvors on^^ 1939) > Micrococcus phoaphoreua ( Naka- 
mura, 1940), Proteus vulgar! s (Hoberman and Rittenberg, 1943 ) , several Azotobacter species 
(Lee and Wilson, 1943), and the green algae Scenedesmus and Rhaphidiim ( Gaf f ron, l94o ) . 


Uaiiron ^ly^OJ indicates ■tSat the presence of hydrogenase does not detennlne the re- 
action in which hydrogen will take part^ hut rather the other activities of the cell deter- 
inlne the fate of the activated hydrogen# After activation the hydrogen can reduce oxygen, 
dyes such as methylene blue, nitrate, nitrite, hydroxylamlne, amino acids, fumaiic acid, 
inorganic sulfur compounds (sulfur, sulfite and thiosulfate), and one-carbon coiopounds, 
such as carbon dioxide, carbon monoxide, formaldehyde and methyl alcohol* The end-product 
of inorganic nitrogen is ammonia (Woods, 1938), of the inorganic sulfur compounds, sulfide, 
and of the one-carbon compounds, methane (Stephenson and Stickland, 1933)- Stephenson 
( 19 ^ 7 ) reviewed the role of hydrogenase in many of these reactions including the part it 
plays in the reduction of amino acids* The reduction of compounds such as nitrate, nitrite, 
hydroxylamlne and fumarate by E. coll in the presence of molecular hydrogen was studied 
recently by Lascelles and Still (19^5, 1947). 


The properties of nydrogenase have been studied in both resting suspensions of bac- 
teria and in cell-free preparations (Bovamlck, 19^1; Lee, Wilson and Wilson, 1942). The 
properties of the enzyme from different organisms appear to agree remarkably well, the out- 
standing one being sensitivity to oxidation. For this reason assay is best made In am 
atmosphere containing at least 0.4 atmosphere of hydrogen and less than 0.025 atmosphere of 
oxygen (Wilson, Lee and Wilson, 1942) • The hydrogenase of Azotobacter shows optimum 
activity at pH 7*5 and the optimum temperature is 40^ C. 


Inhibitors of the cytochrome system, such as cyanide and carbon monoxide, are effec- 
tive In decreasing the oxidation of hydrogen by Intact cells of A. vlnelandli (Wilson and 
Wilson, 1943 ). Sodium azide, hydroxylamlne, lodoacetate and fluoride were found to In- 
hibit the oxidation of hydrogen by Azotobacter cells In a quantitatively different manner 
than inhibitors such as cyanide. Concentrations of these compounds which prevent respira- 
tion do not affect the hydrogenase. Because of this these inhibitors can be used dlffer- 
entiaU-y to detect hydrogenase in cultures that have high endogenous respiration. 
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The relation of the action of hydrogenlyase to that of hydrogenase is discussed in the section on 
HYDEOGENASE. 
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-oberman and Eittenberg (1914-5) showed that the exchange reaction between water and 
nvarogen when catalyzed by Proteus vulgarl 3 is reversibly inhibited by oxygenation. Evi- 
dence was obtained which indicates that this inactivation is caused by the oxidation of a 
heavy metal component of the enzyme. On the basis of this it was suggested that hydro- 

genase is an iron porphyrin containing enzyme. The inhibition caused by cyanide and car- 
Don monoxide appears "bo support tiiis hypothesis* 


^Suephenson and Stickland (I 952 ) and Stephenson (I 957 ) indicated, on the hasis of their 
relatiT© distribution, that hydrogenase, hydrogenlyaae and formic dehydrogenase are dis- 
tinct- e^ymes- The latter enzyme activates the hydrogen of formic acid to react with an 
Intracellular hydrogen carrier or with a dye such as methylene blue. Hydrogenlyase on the 
other hand, was reported by Stickland (I 929 ) to catalyze only the liberation of molecular 
hjf drogen i.rom formic acid. Ordal and Halvorson (1939) ond Waring and Werkman (19^4-) ob- 
tained results which suggest that the production of carbon dioxide and hydrogen from formic 

bacteria such as E. coll is due to the linkage of formic dehydrogenase to hydro- 
genate unroogh an intermediate carrier containing iron. This makes unnecessary the postu- 
lation of formic hydrogenlyase as a distinct ©nzyme. Stephenson (19^7) states that this 
hypothesis awaits further investigation and points out that the presence of iron in the 
growth medium conditions the fonnation of gas {Bq -h CO^) producing enzymes. 


The function of hydrogenase is evidently to serve as a means of utilizing molecular 
hydrogen as a hydrogen donator or more probably to liberate hydrogen by anaerobic bacteria 
by -the reversal of the reaction cited above. Its role in aerobic organisms, such as the 
I'aminous bacteria, alga© and the aerobic nitrogen fixer, Azotobacter , is not so evident. 
NakaJmira ( 19 ^ 0 ) suggests that hydrogenase takes part in the formation of luclferin by the 
light -producing bacterium. Micrococcus phosphor eus . Its presence in algae after a suit- 
able period of adaptation enables these organisms to assimilate carbon dioxide by photo- 
reduction in either dark or light instead of by photosynthesis (Gaffron, 19^0, 19^2). The 
role of hydrogenase in photosynthesis is discussed in the review by Stephenson (19^7) • 

Its occurrence in Azotobacter appears to be connected with the mechanism of nitrogen fixa- 
tion (Wilson and Burris, 19^7), hut its exact role has not been established. It has not 
been detected in the nodules from leguminous plfiuits fixing nitrogen or in pur© cultures of 
the root nodule bacteida (Wilson, Burris and Coffee, ,19^5) ^ although nitrogen fixation by 
the symbiotic system is inhibited by molecular hydrogen in a manner similar to that in 

Azotobacter. 


inti 


A su: 
Table 5, on 


of information on additional UNCLASSIFxJiii) DKHYDBCXxENASES is given in 

11+5. 
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INTRODUCTION 


The cytochrome systems discussed In this section will he considered in three main 
categories: 1) The cytochrome pigments, 2) The enzymes that reduce the cytochrome pig- 

ments, which will he errea -po^as ^Ji^^d^ochr ome reduotases , and 5) The enzyme or enzymes 
that oxidize the cytochrome pigment, which will he referred to as cytochrome oxic^ase. 


According to present knowledge, which is hased mainly on the work of Kei li n^ and Har- 
tree (1959) and of Ball (1938, 19^2) electrons pass in order throiigh cytocErSmes^ h^ c, a 
and cytochrome oxi dase to oxy gen. Since only cytochrome c has heen obtained in solution 
and in puriTied form our pr^ent knowledge is mainly in terms of the reduction and oxida- 
tion of this component. The cytochromes function biologically as electron transporting 
mechanisms, and are frequently referred to as "carriers”. \>/hether they are involved in 
phosphate metabolism remains to he seen. Although there is reason to believe that they 
might be involved in oxidative phosphorylation, there is as yet no direct evidence on the 

point . 


THE CYTOCHROME PIGMENTS 

Earlier work on the cytochromes has been sxxmmari zed by Kellin ( 1933)* Tt is of inter- 
est to note that the pigments were discovered in 1886 by MacMunn who called the compounds 
myohematin. The substances were rediscovered by Keilin in 1925 and were found to consist 
of three components, on the basis of absorption bands seen in crude preparations or in 
tissue in situ. Keilin found the bands to be widely distributed in biological material. 

On the basis of the absorption spectra, new cytochrome components have been described when- 
ever the absorption peaks do not fall at the characteristic wavelengths for the a, b, and 
c components. Thus aQ_ and a 2 occur in certain bacteria lacking component a, according to 
Keilin and Hartree (1939)^ also reported component a^ in heart muscle preparations. 

The latter compound may be identical with cytochrome oxidase (see below). 

Cytochrome b has been studied mainly in suspensions of muscle, where its reduced bands 
can be seen at 56U, 550 and ^52 mp* Both b and b 2 are discussed below in connection with 
the reduction of c. According to Keilin and Hartree (1959) ^ can be oxidized by air with- 
out the intervention of c and its oxidase, and it is not clear as to what significance this 
fact may have from the quantitative standpoint. 

Cytochrome c has been obtained in pure fonn in solution and is characterized by the 
5 bands in the reduced state at 550, 521 and 415 A method of preparation was given by 

Theorell (1956). A more effective method of preparation was given by Keilin and Hartree 
in 1937 and this was further improved in 1945* A further purification by Theorell and 
Akesson (1959, 194l) increased the iron content from 0.54^ to 0.43*5t and yielded a product 
with a molecular weight of 15,000 in comparison with the weight of 16,500 for the original 
product. Another method of preparing this compound was given by Keilin and Hartree in 
1945 , who foxmd that the new material had the same catalytic activity per weight of iron 
as the former product. The spectrum of the reduced form was also the same per weight of 
iron. The significance of the protein removed by the new procedure is still obscure. A 
number of chemical studies on cytochrome c have been carried out by Theorell (1938, 1959, 
1941 ) by Theorell and Akesson (1941) by Zeile and Meyer (1959 a, 1940) and by Drabkin 
(1941 a, b) . The work by Theorell (1941) reaffirmed the previous view that cyanide could 
not form a complex with cytochrome c and is difficult to reconcile with the demonstration 
of a cyanide complex (see below) unless the spatial configuration proposed by Theorell 
does not atop but merely slows complex formation. 

Theorell and Akesson concluded that cytochrome c from beef heart and horse heart were 
identical as to molecular weight, and nitrogen, iron, and sulfur content. They calculated 
that each molecule of protein contained 96 ± 1 amino acids, of which 21 or 22 were lysine 
residues, which probably represents the highest lysine content of any protein. They found 
9 OT 10 free a - ami no groups, and suggested that the molecule contained this many polypep- 
tide chains. With respect to the porphyrin portion of the molecule, Theorell ' a earlier 
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that the dissociation constants for the hiatidlnZ Akesson. Titration curves showed 

cula lie for the «st part out^ldrtS „o™i «t;aSorreeir''aMlt"’" tytochrohe »ole- 

further hy .^gnetio and 3p,ctrophotom,t?r?SaJuJ:i^;e . ' ooncluslon „,e aupported 


Stotl (1959) ^^"^nom^AirtechMqufe^haierorthrcaXlvtr*"^*'"’ authors. 

denJltv^h ° spectrophcto.»trlc method haLVo7th1”LnATn'’oStl“l- 

e:X.''1oa:Sha':M IrX^IIgf davXed ?S'sp:ct‘° 

Tnori -• -p-i ear) 4 - V, ra 4 - 0 .. aevsioped the spectrophotometric method further and 

modified the extraction procedure. None of these procedures would deal with auanStiL^» 

small as were encountered in mouse epithelium and this fact led Carruthers (19^5) to de- 
velop a polarigraphic method. Cytochrome c has been reported to be low in tumor tissues 
paralleling the reduction in various oxidative enzymes (see Potter^ 19 kk) . ^ 


>,«n ®euzymtic oxidation and reduction of cytochrome c is discussed below. It is per- 
aps worth noti^ that a large number of compounds that are more or less autoxidlzable 

reduce cytochrome c, and can consequently be oxidized in a cytochrome c 
-cytochrome oxidase system. Keilin and Hartree (1939) have noted the properties of cyto- 
chrome £ on the basis of their studies with muscle preparations, and reported that in the 
oxidized state it does not combine with KCN, B^S or NaN 3 . ly considerably different ex- 
perimental methods. Potter (1941) showed that cyanide forms with ferri- cytochrome c a com- 
plex that cannot he reduced hy succinic dehydrogenase^ and shoved that a slight shift in 
the absorption maximum occurred. This work vas confirmed hy Horecker and Kornherg (I9U5) 
who studied the phenomenon in considerably greater detail. 


Cytochrome c has been used intravenously for the treatment of various clinical condi- 
tions but the results are still controversial and the literature will not be summarized 
here. 


CYTOCHROME REDUCTASES 

The exact nature of the electron transport system between the anaerobic dehydrogenases 
and oxygen has never been fully worked out for animal tissues but the idea has gained vide 
acceptance that the pathway proceeds via cytochrome c and cytochrome oxidase. The problem 
of how the cytochrome c^ is reduced in animal tissues has never been resolved in terms of 
purified enzyme preparations# This is largely due to the fact that the enzymes involved 
are in insoluble particulate matter# 


DPN- CYTOCHROME c REDUCTASE 

The idea that a special enzyme was required for the transport of electrons between 
reduced coenzyme I (DPN) and the cytochromes vas apparently arrived at independently at 
Stockholm (Adler, et al, 1937) and at Cambridge (Dewan and Green, 1937) after a period of 
intense activity in the study of the DPN- requiring dehydrogenases. At the time that the 
first edition of the present volume was written, dehydrogenases were identified In terms 
of methylene blue reduction, but during 1937“ 1938 a series of papers from the Stockholm 
and Cambridge laboratories clearly showed that DPN- requiring dehydrogenases cannot react 
directly with methylene blue, with oxygen, or with cytochrome c. The key to this new idea 
was the development of techniques that permitted the study of the dehydrogenases in the 
absence of the enzymes that linked them to methylene blue or to oxygen. The critical ex- 
periments involved the use of Meyerhof muscle extracts, which are incapable of catalysing 
the reactions between reduced DPN and methylene blue or oxygen but are capable of an active 
glycolysis# The following paragraph from Green, Needham and Dewan (1957), illustrates the 
situation: "Woods and Green (quoted by Green, 1956) failed to detect the presence of de- 

hydrogenase systems in actively gly colysing muscle extracts. The tests applied for the 
presence of trlose phosphate, lactate and a -glycerophosphate dehydrogenases were (1) reduc- 
tion of methylene blue by the various substrates, and (2) reaction with molecular oxygen 
in the presence of carriers# These negative findings presented a paradoxical situation# 


CYTOCHROME SYSTEMS 




On the one hand, the evidence was complete that triosephosphate and glycerophosphate could 
he dehydrogenated to phosphogly cerate and that pyruvate could he hydrogenated to lactate. 

On the other hand, no evidence was forthcoming that the usual type of dehydrogenase system 
was responsible for these oxi do reduct 1 ons . " 

It is now known that the ahove criteria are not adecluate for the demonstration of 
dehydrogenase activity, hut at that time the picture was less clear. The Cambridge group 
attempted to solve the dilemma by calling the enzymes "mutases" instead of dehydrogenases: 
"It was at once clear from this study by Dixon and Lutwak-Mann that enzymes of a type simi- 
lar to the aldehyde mutase of liver must be responsible for the oxi doreduct ions obser^^ed 
in muscle extracts." But even while this paper was in press the old criteria for dehydro- 
genase activity were being outmoded, and "subsequent experimentation disclosed that de- 
hydrogenases like mutases cannot catalyse the oxidation of reduced coenzyme by means of 
carriers" . 

Meanwhile the Stockholm group had taken the position that the oxldoreductions in mus- 
cle extracts were due to typical dehydrogenase systems, (Euler, Adler, Gunther and Eell- 
strom, 1936 ); (Adler, Euler, and Hughes, 1938). The availability of pure preparations of 
DPN and the development of ultraviolet spectrophotometry made it possible to show that DPN 
functioned by imdergoing a cycle of reduction by triosephosphate and of oxidation by pyru- 
vate. Furthermore, the enzymes catalyzing these reactions were in different fractions. 
Subsequently, pure lactic dehydrogenase and triosephosphate dehydrogenase were isolated 
from these extracts (see Chapter VI). The Isolated dehydrogenases are not "typical" in 
the old sense, inasmuch as they do not reduce methylene blue, but by now it has become 
clear that this is no longer an adequate criterion of dehydrogenase activity, and that the 
latter is to be established solely in terms of dehydrogenation of the substrate. The ac- 
tivities formerly ascribed to "mutases" are therefore now known to be due to the coordi- 
nated function of 2 dehydrogenases. 


With the advent of soluble dehydrogenase preparations that would react with neither 
oxygen nor methylene blue, it was possible to inquire into the nature of the former "de- 
hydrogenase preparations" that had been able to take up oxygen or reduce methylene blue. 
These earlier preparations were in general not much more than suspensions of finely ground 
washed tissue. It was foiond that the suspensions included a soluble fraction that con- 
tained the "true" dehydrogenases and an insoluble fraction that was required for the re- 
duction of methylene blue or the uptake of oxygen, but was not required for the reduction 
of DPN. It is the nature of the insoluble fraction that we are concerned with here. It 
was named "coenzyme factor" by Dewan and Green (I 938 ) for the following reasons: "Strictly 
speaking the coenzyme factor is a dehydrogenase which catalyses the oxidation of its sub- 
strate, i.e. reduced coenzyme by means of various hydrogen acceptors. But to refer to the 
coenzyme factor as 'coenzyme dehydrogenase* would introduce confusion with 'coenzyme de- 
hydrogenase systems'. It is preferable that the term dehydrogenase should be applied only 
to enzymes which are concerned in catalyzing the oxidation of metabolites." With the lat- 
ter statement the present author is in agreement, but the ambigiiity of "various hydrogen 
acceptors" in the above definition has never been clarified, and even today, in 1948 , the 
immediate physiological oxidant for the coenzyme factor remains unknown. The same enzyme 
was named "diaphorase" by Euler and Hellstrom (I 938 ). Both groups regarded the cyto- 
chromes as the physiological oxidants of the enzyme but the test system usually involved 
methylene blue reduction . Straub (1939) isolated a soluble flavo-proteln from heart mus- 
cle and showed that the prosthetic group was flavinadenine dinucleotide, while Corran, 

Green and Straub (1939) tested the catalytic properties of the enzyme and concluded that 
it was identical with the coenzyme factor. But none of the above tests involved the re- 
duction of any of the cytochromes. Dewan and Green (1938) showed that the insoluble enzyme 
would reduce cytochromes a and b (which it contained) but did not report whether it would 
reduce added cytochrome c. However, they concluded that "cytochrome c appears to take no 
part in the reaction between reduced coenzyme and oxygen, " since added cytochrome c did 
not stimulate the rate of oxygen uptake. On the other hand we have shown that in fresh 
homogenates cytochrome c can be reduced by dihydro-DPN (Lockhart and Potter, 194-1; Potter 
and Albaum, 1943), that cytochrome c is required for the aerobic oxidation of dihydro-DPN 
(Lockhart and Potter, 1941) , and that cytochrome ^ stimulates the rate of oxygen uptake of 
DPN systems (Potter, 1946; 194?). The latter observations with fresh homogenates are of 
considerable Importance since they differ from the earlier results of Ogston and Green 
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o-ond that in t’lair preparations only the succinic and a-glyceronhoanhat^ h v, 
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reaction takes place, and the enzyme that catalyzes it 
„a^ be aos». specliicaiiy designated as DPN- cytochrome c reductase (cf. Potter 1946). The 

relation between diaphcrase and this enzyme must remain obscure until further' experiments 
neve ^en done. Straul ■ 1?'^2) obtained a preparation (the SC-factor) that would mediate 
t^e^^eiec».ron transier cetween succinic dehydrogenase and cytochrome c, but neither the 
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a soluble DPN- cytochrome c reductase has been prepared from yeast 
less, 1941 ; Persky, 1942) but attempts at further purification 
(see Heppel, L. A.^ Fed. Proc., 8, 205 (19^9)* 

H lEeuhod A or the l a an ometrl c detemnnation of DPN cytochrome reductase in tissue homoge 

^ates has been proposed by Potter (1946)^ and a spectrophotcmetric method was outlined by 
rotter and Aiteum (1943). 


TPN* CYTOCHROME c REDUCTASE 


inis enzyme was obtained in soluble form from yeast and was broxight to a stage that 
represented 9^ per cent purity (Haas, Horecker^ and Hogness^ 1959^ 1940; Haas^ Harrer and 
nogneas^ 1942}- The enzyme specifically catalyzes the reaction between reduced TPN (tri- 
phoaphopyridlne nucleotide^ coenzyme II) *and cytochrome c- It was originally called cyto- 
chrome c reductase but we have added the prefix TPN to distinguish it from the DPN enzyme 
(Potter. 1949 ). (See Horecker, B. L., Fed. Proc., 8, 207, (1949)*) 


The earlier preparation appeared to contain not more than 3 ?^ of a hemin protein 
thought to be Identical with cytochrome ^>2 but the final preparation was free from this 
substrate- Thus It can be concluded that in at least one instance the path between a re- 
duced coenzyme and cytochrome c has been shown to be catalyzed by a single enzyme^ obtain- 
able in soluble form and free from the other cytochrome pigments. 


Ihe enzyme was shown to be a flavoprotein^ having alloxazine mononucleotide (ribo- 
flavin phosphate) as the prosthetic group. The dissociation constant was 1 x 10“9 mole/ 
liter^ a value I /60 that of the "old" yellow enzyme of Warburg and Christian^ wMch has the 
same prosthetic group. While the "old" enzyme would react with either oxygen or cytochrome, 
depending on their relative concentration, (Theorell, 1936) the new enzyme reacted with 
cytochrome c much more readily than with oxygen. 



CYTOCHROME SYSTEMS 


SUCCINIC-CYTOCHROME c REDUCTASE 

For many years it had "been assumed that succinic dehydrogenase reacts directly with 
cytochrome c hut in 1939 Hopkins, Morgan and Lutwak-Mann obtained preparations that would 
reduce methylene blue but would not take up oxygen in the presence of cytochrome c al- 
though cytochrome oxidase was present. Similar results were also obtained by Stem and 
Melnick (1939) QJ^d Keilin and Hartree (19^0). It remained for Straub (19^2) to -recon- 
struct the system however. Like the earlier workers he obtained a preparation that would 
reduce methylene blue but not cytochrome c, but in addition he obtained a fraction that 
would link the succinic dehydrogenase to cytochrome c, and this was called the '*SC-factor" . 
The work has not as yet been repeated but it is strikingly similar to the earlier work 
with the coenzyme factor and diaphorase, in that preparations could be obtained that would 
reduce methylene blue but not cytochrome £. In the DPN reaction, however, no cytochrome 
reducing factor has been obtained from animal tissues, and StraulD found that this SC- factor 
was ineffective in a DPN system. 

Slater (19^) Has obtained evidence for an additional factor in the succinoxidase 
system between cytochrome b and cytochrome c, which is inactivated by 2,5 dimercaptopro- 
panol ("BAL”), and cannot be replaced by Straub's SC-factor. Along similar lines, Stoppani 
( 19 ^ 7 ) fractionated rabbit or ox liver to obtain a soluble factor which activated an in- 
complete succinoxidase system that coixld be shown to contain succinic dehydrogenase and 
cytochrome oxidase. Also working with the succinoxidase system Keilin and Hartree (19^7H) 
obtained a marked inhibition with hematin, and showed that the inhibition could be pre- 
vented by the presence of denatured globin. (See Keilin, D. , and Hartree, E. F., Biochem. 

J., ivL, 205, (19^9).) 

CYTOCHROMES b AND b2 

The oxidation reduction potential of cytochrome b was found by Ball (1938) to be about 
-O.OU V. while that of c and a were +0.27 and +0.29 respectively. It is apparent that 
cytochrome b, which is associated with insoluble cell- components, must be considered as a 
possible essential factor in the reduction of cytochrome c. However, the isolation of the 
TPN- cytochrome reductase from yeast (see above) and the fact that Straub's SC-factor does 
not function with diaphorase suggests that if cytochrome b is concerned in the reduction 
of cytochrome c, it is not the sole mechanism for such a reaction. The experiments of 
Ball certainly indicate that cytochromes b and c are in equilibrium in the cell. The work 
of Keilin and Hartree (1939) also strongly suggests that b is involved in the reduction of 
c. In addition to b, a new cytochrome (bg), with an absorption maximum near that of b, 
has been found in yeast ( Bach,, Dixon, and Keilin, 19^2; Bach, Dixon and Zerfas, 1946) . 

The substance appeared to be identical to or closely associated with the yeast lactic de- 
hydrogenase that does not require DPN. Crude preparations would reduce C 3 rbochrome c while 
purified preparations were more active with methylene blue. The substance was extremely 
labile. 


CYTOCHROME OXIDASE 

This name has been given to the enzyme that specifically oxidizes reduced cytochrome c. 
(Keilin and Hartree, I938). It was earlier known as indophenol ^oxidase, but Keilin and 
Hartree showed that all of the compounds that had been thought to be oxidized by indophenol 
oxidase were in fact oxidized by cytochrome c, which was then oxidized by the oxidase. The 
new name is therefore the one to be employed. Whether cytochrome oxidase is Identical with 
cytochrome a^, which was discovered by Keilin and Hartree (1959) on the basis of its ab- 
sorption bands in heart muscle preparations remains to be seen. Keilin and Hartree noted 
many similar properties that tended to identify aj as cytochrome oxidase but they were un- 
able to reduce it with reduced cytochrome c, while cytochrome oxidase must obviously 
possess this property, although the spectroscopic experiment may have technical difficul- 
ties not yet overcome. 

Haas ( 19 ^ 5 , 1944 ) reported the preparation of a ’’soluble" cytochrome oxidase and its 
separation into two components but these results were criticized by Keilin anH Hartree 
(Iphja) who considered that the centrifugal force of 10,000 g employed by Haas yielded a 
supernatant fluid containxz^g colloidal particles rather than a true solution* They also 
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OXIDASES, PEROXIDASES AND CATALASE 


The oxidases, catalase and peroxidase share the property of being metalloprotein 
enzymes* Their catalytic activity is dependent upon the presence of a copper or iron bear- 
ing moiety bound to their protein. Catalase and peroxidase contain porphyrin bound iron, 
whereas tyrosinase, laccase, ascorbic acid oxidase and perhaps cytochrome oxidase* contain 
copper. 

Molecular oxygen serves as the electron acceptor for the oxidases. The oxidases ac- 
tivate O2; subsequent to its activation the O2 can accept hydrogen (electrons) to form 
water. No detectable hydrogen peroxide is produced in the reaction. Thus, in the step- 
wise transfer of electrons, which occurs in the oxidation of a substrate, the final step 
resulting in the reduction of O2 is mediated by the oxidases. 

Catalase performs the highly specialized function of catalyzing the decomposition of 
hydrogen peroxide to water and 02 * Altho’ugh difficult to detect, hydrogen peroxide is 
pictured as a common end product of biological oxidations; the widespread occurrence of 
catalase assures that it will not accumulate in tissues to toxic concentrations. Catalase 
may also seirve as a peroxidase, and current concepts stress that this is likely a more im- 
portant physiological role for the enzyme than is the direct decomposition of hydrogen 
peroxide. 

Peroxidases catalyze the oxidation of substrates by hydrogen peroxide. Although these 
iron protein enzymes are widely distributed in plants, their quantitative importance in 
overall respiration is ill-defined. 


OXIDASES 

The term oxidase has been used loosely and often has been applied to certain dehydro- 
genases. In this chapter we shall restrict the term to the metalloprotein enzymes which 
activate O2 and in its reduction form H2O but not H2O2. The enzymes included under such a 
definition are tyrosinase, catecholase, laccase, dopa oxidase, ascorbic acid oxidase, and 
cytochrome oxidase. Other enzymes under the tyrosinase group may eventually prove to be 
distinct entities but their broad substrate specificity prompts their consideration under 
one heading at present. 


TYROSINASE 

Bourquelot and Bertrand (l 895 ) obtained a crystalline material from the mushroom, 
Bussula nigricans , which was oxidized by the mushroom Juice to a red and finally to a 
black substance. Bertrand (I896) demonstrated that the crystalline substance was tyrosine. 
As it was not oxidized by laccase and the mushroom enzyme did not oxidize hydroquinone 
( hydroquinone is oxidized by laccase), Bertrand considered the new enzyme distinct from 
laccase and designated it tyrosinase. Tyrosinase has also been termed polyphenol oxidase, 
catechol oxidase, phenolase and potato oxidase. Other identical or closely related en- 
zymes have carried additional names. Whereas most enzymes show a high degree of substrate 
specificity, tyrosinase not only catalyzes the oxidation of a variety of polyphenols but 
also a number of monophenols. The term tyrosinase has been preferred by Nelson and Dawson 
(194^) on the basis of priority and because it does not emphasize the activity on poly- 
phenols to the exclusion of the monophenols. The broad specificity of the enzyme doubt- 
less accounts for its plethora of names. 


* 


Cytochrome oxidase is not considered here but is discussed in Chapter VII. 
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^ -ra-,.tiDnaxly ^precipitated vith acetone plus ead acetate^ readsorhed on trical- 
wnaue gel and .inally precipitated vith acetone. The purified preparation from 
carried 0.^0% copper. Keilin and Mann as veil as Kuhovitz purified their enzymes 
T it is not unlikely that tyrosinase from potato and from 

-evels of copper. If the veight of the protein constituent of 
ve^e distinctly different in the tvo cases the percentage of copper should re- 
3*^ ine ali^ernate explanation, that the enzymes vere not entirely pure, remains 
Keilin and Mann did not claim that their enzyme vas pure hut believed this 


The details oi. another method for preparing highly purified tyrosinase from mushrooms 
rave been described recently by Mallette, et al. (19U8)* 


and 




^ne aci^i/iuy of tyrosinase vas measured in different manners by Kubovitz and by Keilin 

ann, so it is not valid to compare their Q 02 data directly. The Q 02 on catechol of 

reparation from potatoes vas about 50,000, vhereas the mushroom preparation had a Qao 
170,100 on catechol. ^ 


Kucovltz lLj;^37) deiDonstrated that the activity of his tyrosinase preparations vas pro- 
^o their copper content. It vas the experience of Keilin and Mann that this pro- 
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portlonality was not apparent until the preparations vere reasonably veil purified; at 
earlier steps in the separation contaminating copper confused the picture. This observa- 
tion of Kubowitz ( 1937 ) was of particular interest, as it vas the first proof that copper 
aeirva as a constituent of oxidative enzymes. In the presence of HCW tyrosinase splits 
copper and a protein; these can be separated by dialysis. By splitting copper from 
the metal loprotein enzyme, Kubowitz could demonstrate that the copper alone or the protein 
alone vas inactive. The addition of one "equivalent*^ of copper to the protein restored 
56 ^ of the original enzymatic activity and 10 equivalents of copper restored 985 ^ of the 
activity. Other metals, including iron, cobalt, nickel, manganese and zinc did not restore 
activity to the enzyme. Copper thus appeared to be unique in its ability to function in 
tyrosinase# 


Tyrosinase is less specific than many enzymes, for it will oxidize a considerable 
variety of phenolic substrates. The specificity is confined to monophenols and to poly- 
phenols with the second hydroxyl ortho to the first. The oxidation of^the monophenols ap- 
parently reqxiires their initial conversion to an o-dlhydrlc phenol. From tMs point the 
o-dlhydric phenols are oxidized by the removal of hydrogen (electrons) to their correspond- 
Ir^ o-qulnones. Table 1 lists substrates attacked by tyrosinase. 
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TABLE I 

Substrates Reported to be Oxidized by Tyrosinase 


Monohydric Phenols 

Polyhydric Phenols 

No^ Oxidized 

tyrosine 

catechol 

hy d ro qu i none 

phenol 

homocatechol 

resorcinol^ ^ 

p-cresol 

urushiol 

ascorbic acid* 

guaiacol 

Pyrogallol 


tyramine 

protocatechuic acid 


p -hydroxyphenylethylamine 

chlorogenic acid 


p -hydroxypheny Ime thylanu ne 

caffeic acid 


p - hy d r 0 xy ph eny 1 eiml ne 

5 , 4 - di hydroxy Iphenyl-L- alanine 


p-hydroxyphenylpropionic acid 

adrenaline 


p-hydroxyphenylacetic acid 

4 -methyl catechol 

4 -( N-metbyl- 2 ' -aminoethylj -catechol 

4 , 5 “dimethyl catechol 
4 -tert-butylcatechol 

5 “ methyl catechol 



Oxidized in the presence of catechol. 


The data of Table 1 emphasize that the specificity of tyrosinase is concerned pri- 
marily vlth the hydroxyl groups; the presence of complex side-chains in urushiol and 
chlorogenic acid does no-c prevent their being oxidized. Cushing ( 19 ^ 8 ) has tested the 
ability of mushroom tyrosinase to oxidize a great variety of substituted compounds, many 
of which are not listed in Table I, and has given a detailed analysis of the properties of 
substances active and inactive as substrates. 

For test purposes p~cresol and catechol are most frequently used to follow the mono- 
phenolase and polyphenolase activities of the enzyme. Tyrosine is oxidized much less 
rapidly than is catechol. Kubowitz ( 1938 ) observed that catechol was oxidized 124 times 
as rapidly as tyrosine but calculated that diffusion limited the catechol oxidation and 
that the true rate of catechol oxidation was about 1100 times that of tyrosine. 

It is difficult to establish the true rate of catechol oxidation, as the rate de- 
creases with time. Kubowitz has attempted to overcome this by reconstructing a system 
which includes a very low concentration of catechol serving as a carrier and in which 
hexosemonophosphate (plus its dehydrogenase and triphosphopyridine nucleotide) acts as the 
electron donor to keep the o-quinone reduced. Another method for achieving a reasonably 
constant rate of oxidation by tyrosinase is to choose a substrate, such as protocatechuic 
acid, whose inactivation of the enzyme is very slow. Miller, ( 1944 ) described a 

" chronometric method" for measuring the initial rate of catechol oxidation. It depends 
upon "the measurement of the time necessary for a given quantity of the enzyme to produce 
o-benzoqulnone in the catechol- enzyme system Just in excess of that necessary to oxidize 
a small amount of ascorbic acid also present in the system". The reaction mixture is con- 
tinuously sampled into an acidified starch iodide indicator solution, and the appearance 
of o-benzoqulnone at the end point time is evidenced by production of a blue color. 

It has been s\aggested recently (Sizer, 1946 ) that tyrosinase can oxidize tyrosine 
present in an intact protein molecule. When tyrosinase was added to the intact proteins 
trypsin, pepsin, chymotiypsin, casein or insulin an uptake of oxygen was observed. Edman 
(1947) has challenged this work and has attributed the uptake of oxygen to the oxidation 
of free tyrosine present with the proteins initially and arising by autolysls during the 
experiment. Sizer (I947) repeated the experiments with carefully purified proteins from 
which free tyrosine and peptides had been removed. Although some autolysis occurred dur- 
ing the measurements, oxidation of the autolytic products was insufficient to account for 
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the Ohsei-ved oxygen consumpti 
groups in the intact proteins 


on. The eperimental results strongly indicated 
were oxidized by tyrosinase. 


that tyrosyl 


zyme in phosphate buffer at pH 7.4 for 4 miLS n f.u en- 

centrifuged off the denatured protein; this procedure^did not rSi quickly and 

ity very mch. The stability of tyrosinase generally increaserSth purinSSon'o^tr' 
enzyme. Concentrated, purified Drenarationc r.f wiun puriiication of the 


The very low energy of activation of tyrosinase is of special Interest 
o.her enzymes exhibit an energy of activation in the range 5 000 to S oofcal fvr . 

low as 5,^0 cal. have been reported, but the dehydrogenases have uniformly high energies 
of activation. The value of 2,700 cal. was observed for tyrosinase preparLioS Som 
potato, mustooom ^d the ^alworm ( Tenebrio molitor) acting either on catechol or p-cresol. 

18 su^ests a close similarity of tyrosinases from various sources, and that a single 
enzyme is involved in both the mono- and polyhydrlc phenol activity of tyrosinase. 


^rosimse is inhibited by CO, and the CO complex formed is not decomposed by light. 
Tyrosinase is inhibited also by low concentrations of cyanide, azide and sulfide as would 
be anticipated from its metalloprotein nature. In addition its action is blocked by 
4-nitrocatechol (Gregg and Nelson, 1940) and by such copper inhibitors as diethyldithio- 
carbamate, salicylaldoxime, phenylthiourea, alpha-naphthylthiourea. allylthiourea and 
thiourea C^^^uEoia and Erway^ 1946). ^ 


There is rather general agreement that the oxidation of monophenols by tyrosinase In- 
volves an initial addition of oxygen to form an hydroxyl group ortho to the one already 
present. There is frequently a lag in the rate of oxidation of monophenols, whereas this 
is not observed with the polyphenols. The lag in all likelihood corresponds to the time 
required for priming the reaction by the formation of a reservoir of a polyphenolic com- 
pound. This view is substantiated by the shortening of the lag period upon the addition 
of a small quantity of a polyphenol to the monophenolic substrate. After this initial 
conversion the oxidation of the mono- and polyphenols should follow a common pathway. 

lyrosinase catalyzes the oxidation of the orthodihydric phenols to their correspond- 
ing quinones. The subsequent oxidations which the o-quinones undergo give rise to the 
melanin pigments. Eaper's (1932) studies on the formation of melanin indicate that 
tyrosine is converted to 3y 4-dihydroxyphenyl-L-alanine (dopa) which in turn is oxidized to 
dopa quinone. Further oxidation gives rise to 5 y 6- dlhydroxydlhydroindole- 2- carboxylic 
acid, its qiilnone ( hallochrome) , and finally melanin. 


Of more general interest in biological oxidations than melanin formation is the func- 
tion of the tyrosinase substrates in the capacity of electron carriers. In the presence 
of the proper reducing agents in the tissue the polyphenol is alternately oxidized to the 
quinone and reduced back to the polyphenol and is not oxidized further to melanin. In such 
a reaction the polyphenol servos the fimctlon of a carrier mediating the transfer of elec- 
trons from some substrate to O 2 * Tyrosinase serves as the terminal oxidase for the over- 
all oxidation system concerned. 

Eoblnson and Nelson (1944) secured evidence to Indicate that 3^ 4-dihydroxy phenyl -L- 
alanlne (dopa) and its quinone may serve as the polyphenol- quinone pair for the tyrosinase 
system in intact plant systems. lyrosine serves as a reservoir of dopa; as mentioned, the 
initial step in the oxidation of a monophenol is its conversion to the corresponding 
o-dihydrlc phenol. 
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One of the particularly interesting unsolved problems concerning tyrosinase is the 
nature of the systems which reduce the qulnone to the polyphenol. While tyrosinase main- 
tains the shuttle to 02 , these systems serve as electron donors. Experimentally ascorbic 
acid can function as the reducing agent. Robinson and Nelson (19^^) have shown that as 
long as reduced ascorbic acid is present in a potato or mushroom tyrosinase preparation the 
solution remains colorless. After oxygen sufficient for oxidation of the ascorbic acid 
added has been taken up, the tyrosine and dopa present are oxidized further through the 
red intermediate to the black melanin pigments. 

Boswell ( 19 ^ 5 ) has reported that in Intact potato tissue amino acids may serve for the 
reduction of dopa qulnone. His evidence, however, is incomplete and it remains an open 

question what compounds are actually functional as reducing agents in the tyrosinase sys- 
tem. 


Of what physiological Importance is tyrosinase? Its wide distribution in the plant 
kingdom and its high activity suggest that it may serve as a major respiratory system in 
plants. The concept that it is functional only in injured plants has largely been dis- 
placed by the idea that it accounts for a considerable share of the plant's respiration 
under normal conditions. Boswell and Whiting (1958) observed that the addition of catechol 
to potato tuber slices was followed by a rapid uptake of oxygen, but that after a period 
the rate of respiration dropped until it was finally only about a third the rate estab- 
lished before the addition of catechol. They reasoned that the tyrosinase had been inac- 
tivated and that the residual third of the Initial respiration rate represented non- 
tyrosinase respiration and the other two-thirds of the normal initial respiration could be 
attributed to the action of tyrosinase. Baker and Nelson's (19i^-5) demonstration that the 
further addition of catechol resulted in another Increase in the rate of oxygen uptake 
made them question such an interpretation. By testing the sensitivity of potato tuber 
slices to 4-nltrocatechol and other inhibitors they concluded that about 85 ^ of the total 
respiration went through the polyphenol oxidase system. Although they disagreed with the 
experimental basis of the argument of Boswell and Whiting, Baker and Nelson confirmed the 
opinion that tyrosinase constitutes the major respiratory system of potato tubers and per- 
haps of many plants. Levy and Schade (1948) have recently challenged the generally ac- 
cepted view that tyrosinase is the chief terminal oxidase in potato tubers and have sug- 
gested that cytochrome oxidase and some unknown system are the principle agents in potato 
respiration. However, they were iinable to demonstrate cytochrome c in potatoes, and they 
did not discuss the implications of the fact that tyrosinase has actually been isolated 
from potato tubers (Kubowitz, 1957)* 


The role of tyrosinase in the invertebrates la less clear than in plants. The meal- 
worm is the most commonly used soiirce of invertebrate tyrosinase, and it yields an enzyme 
with characteristics apparently the same as those of the plant enzyme. Bodine and co- 
workers ( 1944 ) have reported the presence of a protyroslnase in the diapause egg of the 
grasshopper. This protyrosinase can be activated by heat (55-70^ C.), or by treatment with 
sodium dioctylsulfosuccinate (aerosol OT), urea, sodium dodecylsulfate or sodium oleate. 
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lyrosinase, although much less widely 
nials than in plants and invertebrates may 
production of the pigments of melanomas. 


distributed and 
function in the 


of lower activity in higher ani 
pigmentation of skin and the 


CATECHOLASE 

Sweet potatoes contain an oxidase somewhat different from +•Trr.r^«,• r,. 

^rauhard (I 939 ) expressed the opinion that it is a distinct enzvL laccase. 

upon catechol, pyrogallol, 5 A-dihydroxyphenyl-L-alanine aM adrenaline It\xidiIL°?f^ 

lin. All three entjhnes, hovever, appear to oxidlre catechol In the earn; SSer 

/I ®"®®^ potatoes has also been investigated by Walter and Nelson nQ 46 i 

closeV related compound from sveet potatoes and sho«d that these oonpfunds cai ei^e as 
electron carriers adjacent to the terminal oxidase of sweet potatoes. They imply that the 
enz^e IS distinct from potato and mushroom tyrosinase. As yet catecholaae has been 

seJ^f for thf fitire?^ decision as to its separate identity should perhaps be re- 


LACCASE 

Yoshida (I 885 ) described a heat labile substance in the latex of the Japanese lacquer 

tree to whose action he attributed the darkening of the lateif upon standing. The enzyme 

responsible for the darkening was investigated by Bertrand (1894) and given the name lac- 

case; his source material was the Indo-Chinese lacquer tree, Rhus succedanea. The enzvme 
oxidized -a number of polyphenols. 

Keilin and Mann (1959) purified laccase from Rhus succedanea by a method very similar 
to that they employed with mushroom tyrosinase. Their purified enzyme oxidized polyphenols 
and diamines including p-phenylenediamine and catechol. Unlike tyrosinase, laccase was in- 
active on monophenols such as p-cresol and tyrosine. The enzyme preparation had a deep 
blue color, was devoid of Fe or Mn but had 0.154^ copper; later preparations (Keilin and 
Mann, 1940) had up to 0.24^ copper. Laccase was Inhibited by KCN, H 2 S, NaNx, diethyldi- 
thiocarbamate but not by CO. The activity of the preparation was proportional to Its cop- 
per content, so the enzyme, like tyrosinase, appeared to be a copper protein. Keilin and 
Mann calculated that a pure preparation would likely have 0.54^ copper. The chief impurity 
in the enzyme was a polysaccharide. 

Keilin and Mann (1940) prepared laccase from Japanese and Burmese lacquer trees and 
foxmd that the copper protein enzyme was again accompanied by a blue color. They were un- 
able to prepare an active enzyme devoid of the blue color, but could get the blue pigment 
separated from the enzyme. The colored substance contained no copper nor protein but was 
regularly mixed with a carbohydrate. It could be reduced to a leuco-form. It is quite 
possible that the blue substance functions in the action of the enzyme, although this point 
is not established. 

The possibility was investigated by Keilin and Mann (1940) that the absence of some 
material from the laccase preparation was responsible for its inability to oxidize s©no- 
phenols. However, the addition of crude extracts of potato or mushroom did not activate 
the laccase for the monophenol p-cresol. Instead the mushroom and potato Jiiices lost their 
ability to oxidize monophenols. As this inhibitory property was not affected by dialyslSi 
was not exhibited by pigment preparations devoid of laccase, and was destroyed boilii^ 
the laccase, it was concluded that laccase itself acted as the inhibitor of monophenol 
oxidati on. 

G-regg eind Miller (1940) prepared laccase from the wild mushroom Russula foe tens . 

When hydroqulnone was employed as the substrate other plant oxidases did not interfere 
with the measurements. The starting material for the preparations was limited, so that 
purification sufficient to establish that the enz 3 rme itself contained copper could not be 
achieved. The enzyn© was remarkably stable to pH changes; it was not Inactivated between 
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pH 2 and 9*5, whereas 'tyrosinase was destroyed quickly at pH 2. Hydroquinone^ p-phenylene- 
di amine, chlorohydroquinone, catechol and dimethylcatechol were oxidized. Tho'ugh the oxi- 
dation of catechol appeared to follow the same pathway with laccase as with tyrosinase, 
laccase was not inactivated in the process as was tyrosinase. 

and Mann (1939^ listed the properties in which laccase differs from the tyro- 
sinase (polyphenol oxidase^ of cultivatec^ mushrooms; (1) laccase is "blue whereas tyrosin- 
ase is yellowish or colorless; (2) laccase oxidizes p- phenyl enedi amine more rapidly than 
catechol, whereas tyrosinase scarcely attacks p-phenylenediamine ; (3) laccase, when pure, 
does not oxidize p-cresol at all whereas tyrosinase does; (4) crude laccase preparations 
oxidize ascorhic acid directly, whereas crude or pure tyrosinase oxidizes ascorbic acid 
only through a carrier like ca'techol; (5) laccase is not poisoned by CO, whereas tyrosin- 
ase shows a strong inhibition by CO; (6) the activity of laccase is of the same order as 
that of potato oxidase (Kubowitz, I 938 ) but only about a twentieth that of tyrosinase from 
cultivated mushrooms. 


DOPA OXIDASE 

Dopa, 3 , 4-dlhydroxy phenyl -L- alanine, is oxidized by tyrosinase, catecholase, laccase, 
peroxidase and cytochrome oxidase plus cytochrome c (Graubard, 1939). In addition there 
is evidence that it is oxidized by a very specific enzyme, dopa oxidase, which occurs in 
certain animal tissues. 

Bloch (1917) treated frozen sectiuiis v f skin with dopa and within 24 hours noted that 
a dark pigment was deposited in the cytoplasm of the melanoblasts . He attributed the ac- 
tion to an enzyme because it was inhibited by heat or by cyanide. No reaction was observed 
with tyrosine and other substrates tested, so Bloch considered that a highly specific 
enzyme was involved and termed it dopa oxidase. 

Flgge ( 1940 ) suggested that melanin formation could be accounted for in certain ani- 
mal tissues by the action of tyrosinase on tyrosine, but his supporting evidence was de- 
rived chiefly from analogy with plant tissues. 

The most convincing evidence for the’ occurrence of a dopa oxidase and for a tyrosin- 
ase in mammals is that presented by Hogeboom and Adams (1942). They studied a mouse 
melanoma; this occurs as a soft, jet black encapsulated nodule which likely has its origin 
in skin melanoblast cells. The tumor was groixnd and its activity tested on phenylalanine, 
tyrosine and dopa. . The phenylalanine was not oxidized but the other two substrates sup- 
ported oxygen uptake and yielded a melanin. The tumor brei was centrifuged and the enzyme 
remaining in the supernatant was fractionated by ammonium sulfate precipitation. This 
fractionation yielded (a) dopa oxidase without activity on tyrosine, and (b) a fraction 
with an active tyrosinase but lowered activity on dopa- 

The dopa oxidase oxidized 3,4-dihydroxyphenyl-L-alanine with an uptake of approximate- 
ly 4 atoms of oxygen per molecule to yield melanin. The enzyme was heat labile and com- 
pletely inhibited by 0.001 M. cyanide. The pH optimum was between 7 and 8. An outstanding 
property of the enzyme was its high specificity, for it did not oxidize tyrosine, hydro- 
quinone, p-benzylliydroquinone or p-cresol; catechol was oxidized at a seventh and adren- 
aline at an eighth the rate of dopa. 

The tyrosinase from mouse melanoblasts was somewhat different in substrate specificity 
from plant tyrosinases; it did not oxidize phenol or p-cresol. Mono ben zylhydroqui none com- 
pletely inhibited the tyrosinase, whereas it is oxidized by mushroom tyrosinase to a red 
pigment. The cyanide sensitivity of the animal tyrosinase and dopa oxidase is evidence 
that they are metalloprotein enzymes similar to the purified plant tyrosinases. 

Hermann and Boss (1945) described an enzyme occurring in the ciliary bodies of cattle 
eyes. They concentrated the enzyme from ground ciliary bodies by differential centrifuga- 
tion and tested its action on catechol, dopa and hydroqulnone. In the absence of added 
cytochrome c, only dopa was oxidized, but all three substrates were oxidized in its pres- 
ence. These observations again demonstrate the occurrence of a specific dopa oxidase in 
the tissues of higher animals. 
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ASCORBIC ACID OXIDASE 


Plants! if dlstpltuted amc,:« 

U9a8) otaarvad that his "he^^ra !d" (a c!rSr«Mr soSa“?'?; 

lated that a quinone formed from the phenol vras reduced back to the pheS t; asoorllT 

bage leaves. Enzymes with comparable properties were also studied early by Zilva (iQjh)^ 
lauber and Kleiner {1955), Hopkins and Morgan (I 936 ) and by SrinivasanTl9L) . TauberLd 
.^J-einer first applied the name ascorbic acid oxidase to the enzyme. 

it IS clear that ascorbic acid may be oxidized by functioning in the reduction of 
qu^ nones formed ty the action of various phenol oxidases and peroxidases. However, only 
- 3 0 x 1 a ion by the specific ascorbic acid oxidase will concern us in the following dia- 

o ULS 3 X OTl « 


The occurrence of a true ascorhic acid oxidase was rather well established by the 
workers listed above. However, Barron, ^ (I956) questioned the existence of a specif- 

-ic enzyme and proposed that the oxidation of ascorbic acid in plants is catalyzed chiefly 
by copper ions.^ Stotz, and coworkers (1957) also presented the argument that ascorbic acid 
is oxidized by ionic copper or by copper in combination with non-specific proteins, and 
that it is unnecessa2^ to postulate an ascorbic acid oxidase. Their arguments have been 
disposed of by the demonstration of the far greater catalytic activity of enzyme prepara- 
tions than of nonspecific copper proteins per unit of copper. Eamasarma, et al. (I9k0) 
pointed out that the high activity of their enzyme preparation was inexpli^ble without the 
assumption of a specific enzyme as catalyst. Love tt-Janl son and Nelson (1940) found their 
preparation from squash to be 1100 times as active as copper alone, 15,000 times as active 

as copper- albumin and 4,100 times as active as copper-gelatin, when activities were com- 
pared on a copper basis. 


Ascorbic acid oxidase has been reported in a variety of plants including cabbage, 
apple, squash, barley, pumpkin, cucumber, banana, turnip, parsnip, potato, lettuce, melon, 
cauliflower, peach, watercress, pea, bean, sweet corn, chard, carrot, spinach and the pods 
of the drumstick tree, Morlnga pterygosperma . It is possible that some of these observa- 
tions involved an indirect oxidation of ascorbic acid. There is little doubt that ascorbic 
acid oxidase could be demonstrated in many more types of plants. As stated, however, there 
is no evidence for its occurrence in animals. 


Powers, et al . (1944) described the preparation of what they considered to be the most 
highly purified ascorbic acid oxidase that had been isolated. The juice from the rinds of 
20 bushels of yellow summer squash was clarified with 0.5 saturated ammonium sulfate and 
the enzyme was then precipitated at 0.6 saturation. The precipitate was dissolved in phos- 
phate buffer and fractionated with magnesium sulfate. The enzyme was adsorbed on alumina 
and eluted with phosphate buffer. Treatments with acetone and lead subacetate were fol- 
lowed by another adsorption on alumina and elution. The purified preparation was blue and 
precipitated upon dialysis. Its Qqo vns approximately 1,000,000. When the enzyme was 
diluted it was necessary to add an inert protein like gelatin to prevent rapid inactiva- 
tion. Dlemair and Zerban (1945) have achieved a I50 fold purification of ascorbic acid 
oxidase from pumpkin. Tadokara and Takasugl (1959) reported the preparation of crystal- 
line ascorbic acid oxidase; however, the activity was far lower than that of other non- 
crystalline preparations. Considerable doubt remains that the enzyme was actually obtained 

in a crystalline state (consult critique of Dawson and Mallette, 1945)* 


Although studies with inhibitors had earlier suggested a role for copper, the first 
substantial evidence that ascorbic acid oxidase is a copper-protein was presented by 
Bamasarma et ad. (194o). They observed that the activity and the copper content increase 
in a neariyTarallel manner during purification of the enzyme. Iheir best preparations 
had only about 0.05^ copper. Stotz (194o) obtained a considerably purer preparation irom 
cucumber; it had 0.25^t copper and its action was inhibited by sodium diethyldithiocarbama e 
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and by cyanide, Lovett-Janlson and Nelson ( 19 ^ 0 ) described an even more active prepara- 
tion which contained 0,15% copper and was isolated from sq^uash. The copper content and 
enzymatic activity were parallel after the preliminary steps in the purification; this ob- 
servation was also verified by Meiklejohn and Stewart (19^1) and by Diemalr and Zerban 
( 19 ^ 5 )' Meiklejohn and Stewart reported that dialysis against NaCN inactivated the enzyme, 
but that the addition of a copper salt restored the activity. The purest preparation of 
Powers, et (19^^) contained 0.2^% copper. 

It is reported that in addition to ascorbic acid the oxidase will attack d-glucoascor- 
bic acid (Johnson and Zilva, 1957) > however, it has no effect on pyrogallol, p-phenylene- 
di amine, leucoindophenol and p-cresol, and only alight activity on catechol and hydro- 
quinone ( Lovett- Jani son and Nelson, I 9 U 0 ). 

There has been a wide variation in the reported pH optimum of ascorbic acid oxidase; 
the values have ranged from pH L .6 to 6 . 6 . Powers, et al . (19^4) obsei*ved that their high- 
ly purified enzyme had a pH optimum of 5*6 in citrate buffer. The enzyme is inactivated 
by 10 minutes heating at 70 ^ C. (Matukawa, 19^0). It is also inactivated during the course 
of its enzymatic action. This Inactivation can be minimized by the addition of an inert 
protein such as gelatin or by the addition of small amounts of catalase or peroxidase 
(Powers and Dawson, 19^^)- These authors suggest that the inactivation arises chiefly from 
some precursor of hydrogen peroxide which has a transitory existence. 

The early reports on ascorbic acid oxidase were in disagreement on the Inhibition of 
the enzyme by cyanide; Szent-Gyorgyi ' 3 (1951) "hexoxidase” was rather insensitive to this 
inhibitor. In contrast, the purified enzyme preparation of Srinlvasan (195^) was inhibited 
by 10 ^ M cyanide and strongly Inhibited at 10“^ M. Diemair and Zerban (l9UL)‘also ob- 
served strong inhibition by cyanide and sulfide at 10” M concentrations and by carbon mon- 
oxide. Stotz, et _al . ( 1957 ) noted inhibition of ascorbic acid oxidation by such copper in- 
hibitors as sodium diethyldlthiocarbamate, 8 -hydroxy quinoline and potassium ethylxanthate. 

Szent-Gyorgyi (1951) conceived of ascorbic acid serving the role of an electron car- 
rier in respiration. He observed that ascorbic acid could be alternately oxidized enzy- 
matically and reduced by glutathione. This concept was expanded by Hopkins and Morgan 

(1956). 


St. Huszak ( 1957 ) suggested that hydrogen peroxide is formed by ascorbic acid oxi- 
dase, and then peroxidase functions in conjunction with it. Upon the demonstration that 

ascorbic acid oxidase was a copper-protein, the hydrogen peroxide question was reopened, 
for the other oxidases of comparable nature had been found not to produce hydrogen perox- 
ide. Steinman and Dawson (19^2) could find no evidence of hydrogen peroxide in the ascor- 
bic acid oxidase reaction mixtures. Apparently, however, hydrogen peroxide is formed dur- 
ing the oxidation of ascorbic acid by copper ions. The action of ascorbic acid oxidase in- 
volves the formation of dehydroascorblc acid: 
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Boswell and Whiting (19^0) were Inclined to discount the importance of ascorbic acid 
oxidase in the respiration of plants, however, an important role has been ascribed to it by 
others. James and Cragg (19^1, 19^5) reported that the addition of lactic, glycolic or 
tartaric acids increased the oxygen consumption of barley saps in the presence but not In 
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r^.dasea are enzymes which in the presence of hydrogen peroxide catalyze the oxida- 

I" ““Itlon the peroLdasa frodaSSal plaSf 
'“ nr 9®^® S3 oxidase when dihydroxy maleic acid is furnished as a sub- 

. me ear^ studies of peroxidases were admirably reviewed by Kastle (IQIO). Much 
mn as to the nature and. distribution of peroxidases resulted because early workers 
:iJa^^tiTe, non-specmic test for them, such as the coloring of guaiacum, benzi- 
or p-phenyleneai amine in the presence of hydrogen peroxide. Unfortunately a positive 

i ^ hematin compound (Bancroft and Elliott, 1954). The purification 

rysta_^ization oi peroxidases in recent years has aided in securing accurate informa- 

nature and distribution. At one time peroxidases were thought to be almost 
_y present ^in tissues of aMmals; although this is now doubted, Bancroft and 

^ 1 *^ find peroxidase In lung and spleen but (questioned its importance in any 
. The enzyme is widely distributed in plants and bacteria. 
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A ciystalUne peroxidase (lactoperoxidase) from milk (Theorell and Paul, 19^4) and a 
hl^ly piu-ified peroxidase ( verdoperoxidase) from leucocytes (Agner, 19^1-1) are as yet the 
onlj animal peroxidases that have been recovered in a pure state. These animal peroxidases, 
In contrast to the protohematinprotein peroxidases isolated from plants, contain green 
kematlns of unknovm constitution. Most of the knowledge concerning peroxidases has been 
ODtalned with horse xradish peroxidase, and most of the discussion will be limited to this 
enzyme. Verdoperoxidase, lactoperoxidase and cytochrome c peroxidase will be treated 
separately. 


Substrates which are oxidized by hydrogen peroxide in the presence of peroxidase in- 
clude o-phenylenedi amine, leucomalachite green, benzidine, bilirubin, and many phenolic 
conpounds such as pyrogallol, guaiacol, hydroquinone, catechol, o-, m-, and p-cresol, 
tyrosine and adrenaline (Sumner and Somers, 1947)* Elliott (1932b) concluded that peroxi- 
dase oxidized practically all phenols but was unable to demonstrate the oxidation of the 
following physiologically important compoxmds: formate, lactate, acetate, oleate, glucose, 
fructose, glycerol, ethanol, formaldehyde, glycine, glutamic acid, phenylalanine, histidine, 
or brucine. 

Peroxidase activity has usually been measured by the amount of pyrogallol oxidized in 
the presence of hydrogen peroxide and the enzyme during a five minute period (Willstatter 
and Stoll, 1918 ). The enzyme is inactivated with sulfuric acid at the end of the test; 
the purpurogallin formed is extracted with ether and its quantity determined colorimetrical- 
ly, Sumner and GJessing (1945) have modified the original method and recommend a smaller 
reaction volume and a higher concentration of hydrogen peroxide. The purity of peroxidase 
is expressed as the purpurogallin number ( Purpurogallln Zahl, P. Z.). This is the number 
of mg. of purpurogallin formed per mg. of dried enzyme preparation when the enzyme acts 
upon 5 g. of pyrogallol in 2 liters of water plus 10 ml. of 0.5^ hydrogen peroxide for 5 
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minutes at 20° C. Some workers have determined peroxidase activity hy manometric measure- 
ment of* tlie oxygen liberated from the hydrogen peroxide remaining after the peroxidase re- 
acted for a given period in the presence of the substrate- Elliott (1932a) employed man- 
ganese dioxide whereas Eandall ( 19 ^ 6 ) and Altschul and Karon (19^7) used catalase to de- 
compose the residual peroxide- 

Eeports from various laboratories of early attempts to purify peroxidase gave very in- 
consistent descriptions of the properties of the enzyme- Willstatter and Polllnger (I 923 ) 
reported a peroxidase preparation with a P- Z- of 5070 but found no relation between its 
activity and its iron content- On the other hand, Kuhn, Hand and Florkin (1931)^ with 
preparations of similar and lower P- Z-, found a close parallelism between enzymatic ac- 
tivity and total hematin content. In turn, Elliott and Kellin (193^) found no strict pro- 
portionality between enzyme activity and total hematin content of various peroxidase prepa- 
rations- They reported that a preparation of P. Z. 818 contained 1.05^ hematin, whereas 
Kuhn, et a^- (1931) found only a tenth this amount of hematin in a preparation of P- Z. 

3 , ^ 00 '. 

It was not imtil Theorell (19^2, 19^3) obtained crystalline horse radish peroxidase 
that the hematin content and its relation to activity could be definitely established. 
Theorell employed ammonium sulfate and alcohol fractionation in conjunction with electro- 
phoresis to prepare the crystalline enzyme- The activity of Theorell ^s crystalline peroxi- 
dase was always about P. Z. 9 OO. The hematin content of this crystalline peroxidase was 
1.^^, a value which agreed well with that calculated from the molecular weight of peroxi- 
dase- 


in the course of purifying peroxidase Theorell found that the active enzyme could be 
split into two components. One component, peroxidase 1 or paraperoxidase, moved toward the 
cathode at pH 7-5- This component was not present in constant amoimts in different 
preparations and appeared to be extremely labile. Its absorption spectrum was typical for 
a parahematin- Its activity in the purpurogallln test was the same as that of peroxidase 
(Theorell, 19^7)* The second component, peroxidase 2, migrated toward the anode- Peroxi- 
dase 2 was crystallized and was used in further studies of the properties of peroxidase - 


The occurrence of hematin in peroxidase has been recognized for some time, however, 
conclusive proof that protohematln is the prosthetic group of peroxidase has been presented 
only recently- Keilin and Mann (1937) spectroscopic and other evidence that hematin 

was associated with horse radish peroxidase, but it was not until Theorell (19^0) revers- 
ibly split peroxidase that protohematln was conclusively shown to be the prosthetic group. 
He treated a highly purified peroxidase solution with a cold mixture of acetone and hydro- 
chloric acid- The colorless protein apoenzym© was precipitated and the protohematln went 
into solution. The protein component was sedimented by centrifugation, dissolved in cold 
sodium bicarbonate and then treated with a solution of pure blood protohematln dissolved 
in a minimum amount of alkali. After about 30 minutes the pure brown color of peroxidase 
appeared and 93^ of the original activity was regained- This procedure allowed workers to 
investigate the specificity of the prosthetic group for peroxidase activity. G-Jesslng and 
Sumner (l9i^-2) found that almost complete activity was recovered when protohematln or meso- 
hematln was substituted for the protohematln removed from the protein, whereas slightly 
less activity was regained with hematohematin. They were unable to obtain peroxidase ac- 
tivity with nickel, cobalt, and copper protoporphyrins, but manganese protoporphyrin at one 
concentration gave 20 to 30^ activity- This activity of manganese has been questioned by 
Theorell ( 19i^-5 ) . Theorell, Bergstrom, and Akeson (19^3) found that protohematln recom- 
bined mole for mole with the apoenzyme of peroxidase, and almost full activity was re- 
covered. The enzymes reconstructed with deuterohematin and mesohematln were leas active 
than with protohematln, and hematohematin was found to be inactive by these workers- Any 
changes in the propionyl groups in positions 6 and 7 of the hematin destroyed its ability 
to form active peroxidases with the apoenzyme. Theorell (19^7) concluded that acid groups 
were needed in both the 6 and 7 positions and that the length of these carbon side chains 

was Important. 


The light absorption curve of ciystalline peroxidase is similar to that of methemo- 
globin and according to Theorell (19^2) shows' maxima at 260 , ^02, 500, and 6^0 with a 
slight intensification at 380 and 550 njii- Keilin and Mann (1937) observed that a peroxi- 
dase preparation gave four absorption bands at 6^5 ^ 583 ^ 5^+8 and 498 n^, the band at 583 
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was very faint. At pH 11 the four hands were replaced hv two hands at nnrt sko m. 

i.se «th sodium hydrosulnts gave a red solution of ferropeJoxldase uKl! Ws « « 

and 558 upon shaking with air the ferroperoxidase was reoxidized fa-riirtn m 
formed a compound with the reduced peroxidase resembling that of carhoxyhemoglohln!^ ^ 

Potassium cyanide, which inhibits peroxidase completely at a concentration of n mi m 
q spectihun of the enzyme so that it was very similar to that of cyanohemoglobln ’ 

o lum fluoride, nitric oxide, and hydrogen sulfide produced other characteristic charges* 

•W'l'-oxylamlno, uhlch Inhibit peroxidase actl™ trZ^t 
^ produced no change in the spectrum of peroxidase In the absence of hydro- 

gen peroxide. In the presence of hydrogen peroxide, however, sodium azide caused a chance 
in the spectrum of peroxidase; the iron remained in the ferric state. ^ 

Peroxidase apparently forms three compounds with hydrogen peroxide. ’4hen equivalent 
amounts of^^^drogen peroxide and peroxidase are mixed the compound designated by Theorell 
( 191 ^ 2 ) as H202-peroxidase I is formed. This compound is greenish in color and is char- 
acterized by a sharp band at 658 n^. Very soon however the color begins to change to red 
as the bands which Keilin and Mann (1957) first obseirved begin to appear at 561 and 550 mu. 
This compound is designated as "H 2 O 2 - peroxidase II" by Theorell (1947). The green and the 
r^e^ compound each gives instantly the normal peroxidase spectrum on addition of hydro- 
(juinone. A third compound is formed with peroxidase in the presence of ten to* twenty moles 
excess of hydrogen peroxide; this compound has strong absorption bands at 585 and 545 tm 
and has been numbered "III" by Theorell. ^ 


Horse radish peroxidase consists of one molecule of ferriprotoporphyrln linked to a 
colorless protein. The molecular weight is 44,100 (Theorell, 1942a). Theorell and Akeson 
(^ 9 ^ 5 ) iiav6 analyzGd tli© nitrogonous fractions of hors© radish pBroxidas© and have rsported 
the following values: humin nitrogen 1.1^^ amide nitrogen IJ.O^, cathode nitrogen 
neutral nitrogen anode nitrogen l6.2^^ histidine arginine 6 . 91 ^, and lyalne 

^•06^# The information available at the present concerning the nature of the hematln 
linked groups in horse radish peroxidase has been summarized by Theorell (19^7)* 


Chance (1945) studied the kinetics of peroxidase action by use of the Hartrldge- 
Eoughton flow method and reported that peroxidase very rapidly forms a complex with hydro- 
gen peroxide. The velocity constant for the formation of this complex was 1.2 x 10 liter 
mole“l sec7^; this value is very similar to that for the combination of muscle hemoglobin 
and oxygen. Although no spectroscopic evidence could be found, kinetic data indicated a 
bimolecular combination of the enzyme-H202 compound and the acceptor. Chance concluded 
that in the range of experimental concentrations, peroxidase action involved a second 
order combination of enzyme and substrate followed by a first order decomposition. Theo- 
rell ( 19 ^ 7 ) believed that his view, that the green "p©roxidas©-H202 I" was the primary re- 
action producb and was the physiologically active one, was not invalidated by Chance's data. 


Peroxidase iron is considered to remain in the ferric state during catalytic activity, 
since peroxidase is not Inhibited by carbon monoxide as a ferrous compound would bo. How- 
ever, Swedin and Theorell (19^0) presented evidence that peroxidase f\inctions as an aerobic 
oxidase with dihydroxymaleic acid as substrate. No other substrate has been found to act 
in this capacity. The light reversible inhibition of the reaction by carbon monoxide 
furnished evidence of a valence shift of the iron to the ferrous state during the oxida- 
tion. 


Agner (1941, 1945) isolated from leucocytes an enzyme with peroxidatic activity. 

This enzyme has been named verdoperoxidase. Agner has prepared verdoperoxldase with a 
P. Z. of 75 from empyemlc fluid, which serves as a convenient source of leucocytes. This 
preparation was completely homogeneous upon cataphoresis, so apparently verdoperoxidase is 
less than one tenth as active as pur© horse radish peroxidase. 


Verdoperoxidase when oxidized has absorption bands at 690 , 625 , 570 and 500 mfx and 
may be reversibly reduced to give bands at 657 and 475 : 5 ydrogen peroxide, cyanide, 

and hydroxy lamin© form compounds with oxidized verdoperoxidase, whereas azide forns a com- 
pound with the reduced enzyme. Carbon monoxide and fluoride do not give spectroscoplca y 
observable compounds. The absorption spectrum of verdoperoxidase and data from titration 
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of the iron of the enzyme with hydrosiilfite indicate that the prosthetic group is probably 
composed of an iron porphyrin. Unlike catalase and peroxidase^ verdoper oxidase is not 

split in an acid acetone mixture^ so that a final identification of the prosthetic group 
has not been made. 


Verdoperoxidase readily oxidizes hydroquinone^ p-phenylene diamine^ catechol, pyrogal- 
lol, and ascorbic acid in the presence of hydrogen peroxide. Resorcinol and benzidine are 
less easily oxidized and phenol, tyrosine, and ethyl alcohol are not oxidized. Its action 
is inhibited by cyanide, hydroxyl amine, azide and fluoride, but not by carbon monoxide - 
The enzyme is remarkably resistant to alkali, acid, alcohol, and formalin. 

Peroxidase has long been known to occur in milk, but it is only recently that it has 
been established as distinct from leucocyte and other peroxidases. Elliott (1952b) pre- 
pared crude milk peroxidase and shoved that it oxidized nitrite and tryptophane, whereas 
horse radish peroxidase did not- Theorell and Akeson (19^5) obtained from cow's milk a 
highly purified peroxidase ( lactoperoxidase) with P. Z- 71«5* Solutions of this enzyme 
were greenish and had absorption bands at 6 U 0 , 6 OO, 550, 500 , 415, and 280 mjji. Theorell 
and Paul (1944) later reported the crystallization of this enzyme. 

Lactoperoxidase is reduced by sodium hydrosulfite and gives characteristic compounds 
with fluoride and cyanide. Compounds corresponding to those observed by Kellin and Mann 
( 1957 ) (Theorell' s H 2 02“ peroxidase II) with horse radish peroxidase are formed when lacto- 
peroxidase is treated with the proper amoiints of hydrogen peroxide. Theorell and Akeson 
( 1945 ) observed that the enzyme gave a hemochromogen reaction different from that of pro- 
tohematin. Theorell and Pederson (1944) found the molecular weight of lactoperoxidase to 
be 95,000 and the iron content to be O.OTO'jti- Thus one atom of iron occurs per molecule of 
enzyme . 


A peroxidase isolated from yeast, which acts only on reduced cytochrome c, has been 
Investigated by Abrams, et al. (1942). In the presence of hydrogen peroxide it oxidizes 
f errocytochrome c to ferri cytochrome c. The enzyme is apparently a hematin protein as the 
activity is proportional to the hematin content and to light absorption at the wave length, 
of the Soret band. Cytochrome c peroxidase has absorption bands at 4l0, 500, and 620 mu 
and forms a stable complex with hydrogen peroxide with bands at 420, 550 , and 560 


CATALASE 


Catalase is an enzyme which catalyzes the decomposition of hydrogen peroxide to water' 
and molecular oxygen: 


2 H2O2 2 H^O ^ O2 

Catalase is a metalloproteln enzyme with hematin as its prosthetic group. hydrogen per- 
oxide is decomposed at increasingly faster rates by simple iron salts, hematin, and by 
catalase.; the reaction with catalase is an extremely vigorous one. Stem (1941) has dis- 
cussed the relative catalytic activity of these and many other hematin containing com- 
pounds . 

The specificity of catalase for the decomposition of hydrogen peroxide has been fre- 
quently emphasized. However, Keilin and Hartree (1945b) have presented evidence that 
catalase may in addition function in coupled oxidations. They observed the oxidation of 
alcohols to aldehydes in the presence of catalase and hydrogen peroxide slowly generated 
by chemical reactions or furnished by the action of an enzyme such as xanthine oxidase. 

RCH^OH H^O^ ^ RCHO + 2 H^O 

Methanol, ethanol, n-propanol, isobutanol, and ethylene glycol were shown to undergo oxi- 
dation. Keilin and Hartree (1945b) were led to conclude that “it is therefore unlikely 
that the main fumctlon of catalase consists in the decomposition of H 2 O 2 into O 2 and water 
in order to protect cells from its toxic effect. The catalysis of coupled oxidations by 

means of H 2 O 2 formed in a primary oxidation is a more likely biological property of cata- 
lase. ** 
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aldehydes 7y hydrogen per- 
coupled oxidation. The demoSlLaJiorof JL T ^ Peroxidatic one rather than a 

lase and hydrogen peroxide and its rapid reacti^with lo compound of cata- 

chief physiological role of catalasr?^ ^ ^ inclined to believe that the 

to form water and oxygen is of secondary^importLcl^'' destruction of peroxide 

(1901) etteched the Tthf ;:L" lL“:er°^Ca”t\jr‘“i^ 

not contain some catalase, as far as the observation^of thf ir?ier°L^"^"lirtf ^ 
^cr^^roSin^bacterii! anaerobic bact;ria and in Zt.Tn 


Catalase activity has generally been measured by determinina the amonni- r,f >iTr,ir.r^ 
peroxide remaining after catalase has acted for a definite period of time. Measurement^of 
^ e volume of oxygen produced in the reaction may also be used. 14any workers have enroloved 
e proce ure of von Euler and Josephson (1927) or some modification of it. In this proce- 

A? catalase is allowed to react with approximately 0.01 N HgO^^at pH 
D.b and at 0 C. AlKjuots of the reaction mixture are removed at 0, 5 6 9 and 12 

minutes time, inactivated with 2W HgSOk and the residual H 2 O 2 titrated’ with permanganate. 

— i „ loffiri ^J^dtlal amt, substrate 

min. 1C final amt. substrate ' 

t^ conditions employed are those listed above), and the k value for zero time is found by 
extrapolation. Sumner and Somers (1947) recommended that the enzyme concentration should 
be adjusted so that the initial value of k is greater than 0.025 but less than 0.04. The 
purity of catalase preparations is usually expressed as Kat. f. (Katalase fahigkelt or 
catalase capability), which is obtained by the e(iuation: 


The monomolecular k values are calculated (k = 


Kat. f. = 


k (initial) 


grams of enzyme employed in test 


Catalase activity determinations are complicated ty the inactivation of catalase dur- 
ing the decomposition of hydrogen peroxide. Bonnichsen, ^ ( 19 ^ 1 - 7 ) found that when they 

increased the concentration of catalase 50 fold and employed a method of rapidly following 
the decomposition of hydrogen peroxide^ inactivation was greatly decreased. In their de- 
terminations the activity values were independent of variations of initial substrate con- 
centration^ were only slightly Influenced by temperature changes, and gave a constant ac- 
tivity for a wide range of enzyme concentrations. 


Catalase was crystallized for the first time by Sumner and Bounce (1937a) from beef 
liver; it was the first enzyme containing iron to be obtained in crystalline form. Later 
many workers isolated crystalline catalase from different kinds of liver (Bounce, 19^2; 
Agner, 19^3a; Bonnichsen, 19^7a), from beef erythrocytes (Laskowski and Sumner, 19^1; 
Agner, 19^3b), and from bacteria (Herbert and Plnsent, 1947). 


Sumner and Bounce (1957b) prepared crystalline catalase by extracting beef liver with 
35*3^ dioxane. Additional portions of dioxane were added and the material that precipitated 
in the cold was discarded. After addition of saturated ammonium sulfate until the dioxane 
solution became hazy, the catalase quickly ciy stall! zed. Eecrystalllzation from phosphate 
buffer solution (initial pH 7*4) was achieved by shifting the pH to 5*5* 'fhe first 
crystallization yielded fine needles, but recrystallization gave thin plates or prisms. 
Crystals were later obtained from acetone and alcohol extracts (Bounce, 1942), and from 
dioxane without the addition of ammonium sulfate (Sumner and Bounce, 1939)* 


Agner’ s (1945a) method for preparing crystalline catalase differed substantially from 
that of Sumner and Bounce. He ground horse liver, extracted it with water and then added 
ethyl alcohol and chloroform, removed the precipitate, and concentrated the solution. The 
addition of acetone to 4o volume per cent brought down most of the catalase. The preclpi- 
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tate was dissolved in water and subjected to fractional precipitation with ammonium sul- 
fate and then with ethyl alcohol. These two precipitations were repeated. The dialyzed 
preparation was adjusted to pH 4.7 and the precipitate was removed. Crystals were ob- 
tained when the solution was brought to 46^ saturation with ammonium sulfate. 

From the values reported in the literature the activity of crystalline and apparently 
pure catalases would seem to vary with the source of enzyme and the method of preparation. 
Sumner and Doimce (1937a) originally reported a Kat. f. of 45,000 but later (1957b) re- 
vised this value downward to 25,000 to 26,000. In further studies Sumner, Dounce and 
Frampton (1940) found the Kat. f. of crystalline beef liver catalase to vary from 28,000 
to 55^000 while that of crystalline horse liver catalase varied from 22,000 to 55 , 000 * 

Agner (1945a) regularly prepared horse liver catalase with a Kat. f. of about 6l,000. He 
believed the variation in activity for catalase from the same animal species, reported by 
different authors, lay in the method of preparation of the enzyme. Bonnichsen, et al . 
( 1947 a) using a method designed to eliminate Inactivation of the enzyme during measurement, 
reported activities for horse blood and liver catalases corresponding to a Kat. f. of 
61,000 and 52,000 respectively. Theorell (1948), employing this same method, reported 
that the Kat. f. of all catalases investigated was about 80,000 when they had been freed 
of biliverdin. 

Zeile and Hellstrom (1930) indicated that the active group of catalase was a hematin. 
Later Keilin and Hartree (I 936 ) confirmed this observation, and Stem (I 936 ) established 
the identity of the prosthetic group with the protohe matin of hemoglobin. Stem isolated 
the crystalline methyl ester of the porphyrin derived from catalase and in addition showed 
that the hematin from catalase could be recombined with horse globin to form hemoglobin. 
Catalase, hemoglobin, cytochrome c and peroxidase each possesses hematin as its prosthetic 
group. 

Certain catalase preparations have been shown to have, besides hematin, a blue com- 
ponent which may be split off by treatment with acetone and hydrochloric acid. Lemberg 
and Wyndham ( 1937 ) isolated crystalline biliverdin hydrochloride from crystalline liver 
catalase. They believed that the biliverdin was not present in the catalase preparations 
as such but as a bile pigment hematin compound bound to a protein. In view of the constant 
molar ratio in horse liver catalase of biliverdin to hematin (about 1:3) Lemberg, et al . 
( 1939 ) assumed that the bile pigment hematin formed an essential part of* the molecule. 
However the following considerations lead to the conclusion that the biliverdin content is 
unimportant for catalase activity. (l) Sumner, et (1940) and Lemberg and Legge (1943) 

observed that the specific activity of catalases increased as the ratio of blue component 
to hematin decreased. ( 2 ) Catalases from beef, horse, and human blood, human liver, and 
horse kidney are free of biliverdin. Indeed, Theorell (1948) suggested that the biliver- 
din content of liver catalases is a postmortem artifact, since Bonnichsen was able by 
using suitable preparative procedures to prepare liver catalases free from biliverdin. 


Agner ( 1945 b) observed that crystalline erythrocyte catalase had absorption bands at 
626 , 525 , and 500 mu. These wavelengths agreed well with those foiind by the same author 
for liver catalase. He reported, however, that the absorption curve varied with the type 
of buffer used. This may explain the variations recorded in the literature for the absorp- 
tion maxima of catalase preparations. Stern (1937) made a rather complete spectroscopic 
study of catalase using less pure preparations. Bonnichsen (1947b) found the absorption 
constant, 3 , for crystalline horse kidney catalase to be 84.5 x 10 * cm^ mM’^ and for 
crystalline human liver catalase to be 67 x 10' cm^ mM“^ at 405 nji. In contrast to other 
hemoproteins such as methemoglobin, catalase is not reduced by sodium hydrosulfite or 
other common reducing agents. Zeile, et aT. (1940) have reported being able to reduce 
catalase reversibly by saturating the solution with hydrogen sulfide and then adding sodl'um 
hydrosulfite. The hydrogen sulfide was removed with an indifferent gas leaving reduced 
catalase. The catalase was oxidized by shaking the reduced solution in air. 


A variety of derivatives of catalase heiEatin have been described. Keilin and Bartree 
( 1956 ) found that catalase formed spectroscopically observable compounds with sodium azide, 
hydroxylamine, sodium fluoride, nitric oxide, ammonia, hydrazine hydrate, potassium cyanide, 
hydrogen sulfide and ethyl hydroperoxide. They classified the Inhibitors as those (potas- 
sium cyanide, hydrogen sulfide, etc.) which prevented the formation of their postulated 



ph«te, ohloride dulfatr «"« Theorall (19), j) aho.sd 

were ;dle ca^SaS:’ S’ ^ 

they inhibited catalase activity, ^-oncentrationa at 

tlons°irS;f p?eLSe™f1h“sSate°‘’ao“L2“’Kd !" -l- 

anion had to compete with the hydroxyl for the bond to the iron; e^Uln^d 

inhibition waa increased with decreasing hydroxyl concentration Th». ^ anl m 

lor catalase iron and hydroxyl was calculated as 1 x 10-10-2 The disBor'^^t ' '’^netar. 

for acetate and catalase Iron oas 1 x 10-2-5 and that for fo^S'aM^LuL^riroT^f 


iron.^Tner7lQ??ar? ^^Po^ted that their crystalline catalase had about 0.10* 

workers ?lQko) ?or^r j ^ Sumner,' ’and co- 

^ li^®^ catalases of lower Kat. f. BonnlchseA (IQkyt) re- 

IQU’ia? values for horse kidney and horse and human blood catalases. Abner’s { I938 

pS Lt ^®7®l®d catalase preparations contained 5.021* col- 

0.001'^<li> copper in their catalase. Agner 

I 95o) vras able to separate catalase preparations by precipitation with picric acid Into 
one iraction which, contained 0.1-^ iron and little copper and one which contained O.isk cop- 
per and very little iron. ^ The activity of either fraction was considerably lower than 
hat of the whole. It still remains questionable that copper has any function in the ac- 
tion of catalase; certainly no specific role has yet been established. 


The specificity of the reaction mediated by catalase depends upon the protein moiety 
and upon how this is attached to the hematin groups. Theorell and Akeson (I 9 U 3 ) analyzed 
horse liver catalase for its humin^ amide, anodic, neutral and cathodic nitrogen content 
as well as for its percentage histidine, arginine, and lysine. Bonnichsen (19^ 7b) believed 
that since the hematin content of horse blood catalase differed from that of horse liver 
catalase (he reported that horse blood catalase has four hemin groups and horse liver cata- 
lase has three hemin groups and one verdohemochromogen group per molecule) there might also 
be a difference in the protein of the two enzymes. However the nitrogen distribution and 
histidine, arginine, lysine, tyrosine, cystine, glutamic and aspartic acid content were 
found to agree within limits of error between the two enzymes. He was also unable to 
demonstrate any serological differences between the two enzymes. These data would suggest 
the identity of the protein of horse liver catalase and horse blood catalase. 


Sumner and Gralen (I938) found the molecular weight of beef liver catalase to be 
248,000. Later Sumner and coworkers (1940) altered this value to 225,000. Agner (1950) 
reported 225,000 for the molecular weight of horse liver catalase. If the catalase of 
horse liver is assumed to contain four iron atoms per molecule and to have 0.0951^ Iron, 
its calculated molecular weight is 240,000. A molecular weight of 225,000 would correspond 
to an iron content of 0.099^* 


Sumner and Bounce (1937b) reported the isoelectric point of beef liver catalase to be 
5.7, and Stern (1932) reported 5-58. More recently Agner (1943a) found the isoelectric 
point of horse liver catalase to be 5*4. 


A study of the mechanism of the catalytic reaction between catalase and hydrogen per- 
oxide has been hindered by the very speed with which the reaction takes place. As ex- 
pressed by Keilin and Hartree (1945a), the reaction consists in a violent, almost explosive 
decomposition of hydrogen peroxide during which it is almost impossible to observe any 
changes in color and absorption spectrum of the enzyme. Although the enzyme is rather 
rugged, it is partially inactivated during its period of catalytic activity; the reaction 
rate either decreases throughout the reaction or stabilizes at a rate much less than its 

initial value. 

Keilin and Hartree (1938, 1945a) suggested that the decomposition of hydrogen per- 
oxide by catalase involves a change in the valence of the catalase iron and an oxidation 
of the ferrous catalase by molecular oxygen according to the equation: 
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This reaction mechanism was developed from studies of azide-catalase acting on hydro- 
gen peroxide, ouch a system was advantageous, for in the presence of azide, catalase has 
a stahili zed ferrous xorm which was accepted as a useful model of free catalase. Keilin 
and Hartrse (, 195 o, 1945a) cited impressive evidence that the ferric iron of azide-catalase 
was reduced hy hydrogen peroxide to an autooxidizable ferrous compound. Their method 
(Keilin and Hartree, 1958) of demonstrating the necessity of oxygen for the reaction was 
later (Keilin and Hartree^ 19^5a) shown to "be in error^ b\it the function of* O 2 was still 
postulated though not experj. mentally verified* By analogy with the azide-catalase they 
reasoned that the reaction of free catalase also involved an oxidation- reduction of the 
catalase iron* However^ whether the mechanisni of the reaction of hydrogen peroxide with 
azide-catalase and free catalase is the same has been questioned. Theorell ( 1947 ) believed 

the mechanisms were different^ as azide catalase was inhibited by carbon monoxide whereas 
free catalase was not. 

t 

Sumner (1941) was ol the opinion that no valence change of the iron was involved in 
the action of catalase. He postulated that the following reaction occurred: 


FeOH + H2O2 FeOOH + K2O 

FeOOH + II2O2 ►FeOH + H2O O2 

2 H2O2 ^2 H2O ' +■ O2 


Chance (1947) developed a technique for rapidly mixing the components of the catalase 
system and then recording the absorption spectrum of the mixture oscillograph! cally at ex- 
tremely short time intervals. With this apparatus he was able to demonstrate an inteimiedi- 
ate compound in the catalase-hydrogen peroxide reaction. The enzyme had a high affinity 
for hydrogen peroxide, and the intermediate formed existed at a constant concentration dur- 
ing catalytic activity. It decomposed slowly in the absence of alcohols and rapidly in 
their presence. The compound appeared to be a ferric iron-hydrogen peroxide complex. 
Saturation effects with excess ethanol and methanol led to the conclusion that, as with 
peroxidase, a further intermediate compound was formed, the velocity constant for the break- 
down of which was similar to that for peroxidase. Bonnichsen, et (1947) concluded that, 

since the reaction of catalase and hydrogen peroxide followed a bimolecular course over 
such wide ranges of enzyme and substrate concentrations, the suggestions by others of com- 
plex mechanisms, chain hypotheses, Michael! s hypotheses, and ferri-ferro cycle hypotheses 
were not supported by their data. 

Thus the questions of the mode of action of catalase and whether a valence shift is 
involved in hydrogen peroxide decomposition remain controversial, and no categorical state- 
ment on these matters can be made now. 
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EARLY DEVELOPMENTS 


The over-all equation for the fermentatl 
to be : 


on of hexoses was stated by Gay-Lussac (I810) 


(1) CgH2_20g 


2C^CH20H 


200 ? 


While this equation is still descriptive of the over-all process and may serve as an un- 

th7i^o7 7^^ 7 7^7 commercial distiller may aim, it does not take into account 
d-?® role of phosphate in making the process a continuous one and in tapping off 

ing org^ism^^ ° reaction in a form utilizable for the life processes of the ferment 


The fact that phosphate does play an important role in fermentation was eatabllahed 
y Barden and Young (I905-I906) but had been demonstrated, If In a less convincing nnner 
by earlier investigators including Pasteur and Eduard Buchner*. 


In this brief discussion sufficient space cannot be devoted to the bistort cal development 
of our knowledge of fermentation and glycolysis. Students of the subject are urged to 
become acquainted with the contributions of such men as Lavoisier, Gay-Lussac, Liebig, 
Bernard, Figuier, Hansen, Pasteur and Traube. For this a good start would be to read the 
excellent introductory chapter in Harden's (1914) "Alcoholic Fermentation" and the won- 
derfully enlightening "Der Blutzucker" by Ivar B^ (I915). 
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Harden and Young found that dialyzing the Buchner cell-free extract of yeast de- 
stroyed its ability to ferment. The addition of "boiled yeast juice permitted fermentation 
to be resumed but only until the phosphate of the yeast Juice disappeared. Further addi 
tions of phosphate resulted in more fermentation and again the ortho- phosphate disappeared 
and was fixed in organic form. They were later able to Identify the organic ester of^ 
phosphoric acid which was formed as Hexose-di -phosphate (hereafter HBP) and formulated 
fermentation by the cell- free extract as: 

( 2 ) **■ 2 BH 2 PO 4 = 2 CO 2 2 CH 5 CH 2 OH +- 2 H 2 O + C5HpQ0i4.(P0i^.B2)2 

The accumulation of HDP during inanimate fermentation occurs because of the disrup- 
tion of the highly organized energy utilizing systems which in the living cell assimilate 
carbohydrate, synthesize protoplasm and carry out other processes necessary for the main- 
tenance of cell life. 

From a consideration of the evidence to be presented below, we may conclude that the 
over-all equation for fermentation either in the cell or extract is: 

(5) CgH2^2^6 ^ 2 CO 2 2 CH 5 CH 2 OH 2ATP 

In the Buchner extract the only system capable of utilizing the energy stored in 
ATP** is that which phosphorylates hexoses. The result is expressed by equation (2).. 

In the living cell, transfer of high energy phosphate to hexose occurs at a rate suf- 
ficient only to keep the fermentation going; the balance of the 2 moles of high-energy 
phosphate per mole hexose fermented is utilized for life maintenance as described above, 
j^eyerhof (1945) has demonstrated that the fermentation of yeast Juice can be changed from 
the Harden-Young type (equation 2) to that of G-ay-Lussac (equation 1) by the addition of 
a small quantity of adenoslnetriphosphatase. 

The above considerations bring us to an interesting philosophical point (Johnson, 
1942 ). Since the reactions described by equation (5) are the only source of energy for 
the yeast cell grown under anaerobic conditions, it follows that all of the energy re- 
q-ulrements for growth and reproduction of yeast can be furnished either directly or in- 
directly by adenosinetrlphosphate . In view of the fact that the bulk of the energy 
liberated during the combustion of carbohydrates by animal tissues is likewise trapped as 
ATP, (Belitzer and Tslbakova, 1959; Ochoa, 1945; Green, Chapter X) it seems not unlikely 
that the same might be said for animal tissues. 

^ analogy with equation (5), "the process of glycolysis may be written: 

(4) CgH;L2^6 * 2 CH 5 CHOHCOOH 2ATP 

That lactic acid can be produced by animal tissues was observed by many early inves- 
tigators Including Claude Bernard. Our understanding of the metabolic factors which in- 
fluence the ebb and flood of lactic acid in mammalian tissues \mder various physiological 
conditions is based on the classic study of Fletcher and Hopkins (1907)* While it had 
previously been known that lactic acid production occurred as a result of muscular activ- 
ity, these workers were the first to observe that, in an oxygen- free atmosphere, lactic 
acid accumulated even during rest. They also clearly established the fact that the pres- 
ence of oxygen resulted in disappearance of lactate from the muscle. Parnas (I 915 ) later 
reported this disappearance to be a complete oxidation of the lactate. In 1920 Meyerhof 
discovered the principle of oxidative resynthesis of carbohydrate from lactate by Isolated 
muscle. His data indicated that for every mole of lactate burned to carbon dioxide and 


*For the interesting stoiy of the discovery and the historical and philosophical slgnifi 
cance of fermentation by cell-free extracts of yeasts see the Buchners’ '*Dle Zymase- 
garung” ( 1905 ) and the introductory chapter by Harden (1914). 

Abbreviations used here conform with the definitions in Chapter V. 
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A. HPXOKINASE 



ATP 



4- ADP 


Glucose 


Glue os e - 6 - phos phat e 
"Eobison Ester"* * 


The enzyme hexoklnase carries out a "priming" reaction in that it expends a certain 
amo\mt of energy in order to prepare the hexoses for attack by other enzymes vhich vrill 
liberate a greater amount of free energy during the breakdown of the molecule. It now ap- 
pears that with the possible exception of direct oxidation of a minor quantity of glucose 
to gluconic acid by Harrison's glucose dehydrogenase (see Chapter VI;, all sugar metabo- 
lized in the animal body must first be phosphorylated. The phosphoiylatlon of glucose at 
carbon atom No. 6 must precede its glycolysis (via fructose- 6 -phosphate ) or its temporary 
storage as glycogen (via glucose-l-phosphate) . In addition it is possible that the hexo- 
kinases may participate in the active absorption of hexoses from the digestive tract by 
the intestinal mucosa and from the glomerular filtrate by the kidney tubules. 

The name hexokinase was given by Meyerhof (192?) to a preparation from autolyzed 
yeast which initiated glycolysis of glucose in aged muscle extracts. In 1955 Euler and 
Adler, and, independentiy , Lutwak-Mann and Mann found an enzyme in yeast which carried out 
reaction A if Mg ions were also present. Meyerhof (1955) then indicated that the enzyme 
described by these two groups of workers was responsible for the activity of his original 
preparation. 

Yeast hexokinase has been Isolated in crystalline form (Berger, Slein, Colowick and 
Corl, I 9 U 6 ; Kunitz and McDonald, 19^6) as an electrophoretically homogeneous (at pH 5.6 
and 0 . 8 ) protein having a molecular weight of about 9^,000. It acts on glucose and fruc- 
tose at equal rates but considerably slower on mannose. Mg"^"^ is of course necessary for 
the activity of the enzyme. The crystalline enzyme loses activity when diluted. Concen- 
trated solutions, the presence of glucose or mannose and the presence of other proteins 
tend to stabilize the enzyme. Insulin seemed the moat effective among various proteins 
tested in protecting the pure hexokinase from denaturation. 

The hexokinase of animal tissues is much more labile and therefore difficult to puri- 
fy but active concentrates have been obtained from brain by Colowick, Slein and Cori 
( 1947 ). In a preliminary report, G. Cori and Slein (194?) describe the separation of 


*Eo bison himself (see Eoblson and MacFarlane, 1941 ) considered the "Eobison Ester" to be 
the mixture of 70 ^ aldose (glucose and mannose) monophosphates and ketose (fructose) 

• monophosphate isolated from a yeast maceration juice fermentation mixture. Since the 
term "Embden Ester" has more frequently been used to designate the mixture of hexose 
monophosphates it seems desirable that it be retained and that we should use Eobison' s 
name to designate the glucose -6 ester which he Isolated in pure form for the first time. 
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B. PHOSPHOGLUCOMUTASE 
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The enzyme which catalyzes the interconversion of the Cori ester and the Robison 
ester was first studied by Corl^ Colowick and Cori (1958a)* The crude enzyme is activated 
by Mn**^ or Co'**'*' and exhibits greatest activity at pH 7-5 to 9 (Cori, Colowick and 

Cori, 1938 b). Colowick and Sutherland (19^2) reported the above reaction to be at equi- 
librium when 9^*5^ of* the Cori ester had been converted to glucose- 6- phosphate ; pH did not 
influence the point of equilibrium appreciably. 


From the work of Meyerhof, Ohlmeyer, Gentner and Mai er- Leibnitz (I938) and of Schlamo- 
witz and Greenberg (19^7), it can be concluded that the enzyme does not liberate either 
glucose or phosphate to the surrounding medium. An Intramolecular dl ester, glucoae-1,6- 
monophosphate, has been proposed by Schlamowitz and Greenberg (19^7) aa the Intermediate 
stage in the interconversion of the two well known glucose monophosphates. These workers 
state that the proposed intermediate can be constructed with models and shown to be strain- 
free. However, it seems unlikely that the compound proposed by them is an intermediate in 
the interconversion of the Cori and Robison esters. The Cori ester has been demonstrated 
to be of a configuration at carbon atom No* 1 (Cori, Colowick and Cori, 1957 J Wolfrom 
et al . , 19 ^ 1 , 19 ^ 2 ). A glucose ester containing a single mole of phosphate esterlfied 
with both the 6 hydro:xyl and the a hemi acetal hydroxyl cannot be drawn on paper or con- 
structed with Fisher-Hirchf elder models. (The formula of the proposed intermediate was 
drawn by Schlamowitz and Greenberg (19^7) as having the p configuration.) 


Phosphoglucomutase has been isolated from rabbit muscle extract by Najjar ( 19 ^ 8 ) as a 
crystalline, electrophoretlcally homogeneous (at pH 5-0) protein. This pure ^protein re- 
quired magnesium ions (.001 M opt.) and cysteine (.01 M opt.) for activity. At 30^ and 
pH 7*5, 100,000 gm. of the enzyme converts l6,800 moles of glucose- 1-phosphate to glucose- 
6-phosphate per minute. The enzyme is sensitive to fluoride ions and it appears that a 
complex of magnesium, fluoride and organic phosphate is the Inhlbitoary agent (compare the 
inhibition of enolase by fluoride in section K) . 


A brief report by Leloir and co-workers (19^) indicates that phosphoglucomutase re- 
quires a coenzyme. Should this be confirmed, it would be necessary to conclude that the 
purified preparation of Najjar contains the coenzyme attached to the protein. 
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Glucose-l-POi^. 


= 2 . 2 . 


'^c. ^-^ecle phosphorylase was first obtained in crystalline form by Green, Cori and Cori 
^ enzyme is an eiigiobulin with a molecular weight of from 5^0 000 to 400 000 

conaiwltutes about two percent of the protein in a water extract of ground rabbit mus- 
cle «, -rreen^ Cori and Oncley^ 19^5)- This purified enzyme will synthesize glucose-l- 
pnospnate from either starch or glycogen and inorganic phosphate. For the reverse reac- 
tion, nowever, it is not sufficient merely to add the substrate to the enzyme. To obtain 

polysaccharide synthesis from glucose -1 -phosphate a small amount of glycogen "primer" must 
ce present. 


the e^ly stadies on muscle phosphorylase^ aged^ dialyzed extracts of rabbit mus- 
-xe ve.e usuBjcly employed- Such extracts show very little phosphorylase activity unless 
adery xlc acid 13 added along with glycogen and inorganic phosphate. Inosinic acid acti- 
vates phosphorylase slightly while adenosine tri-phosphate is practically ineffective 
^Corl, Coiowlck and Cori (1938a). Crystalline phosphorylase prepared rapidly in the cold 
x rom anesthetized rabbits’ muscle (Green, Cori and Oncley, 19^3) exhibits 65^ of its maxi- 
WXL activity witisout added adenylic acid. Maximum activity is obtained with about 10"^ M 
adenylic acid. This preparation has been designated phosphorylase a- It is converted to 
phosphoiylase d, whicn requires adenylic acid, by the action of PE (prosthetic group re- 
moving) enzymea (Cori and Cori, 19^5b) which are present in a variety of tissues. It 
could :t bs demonstratad that the substance removed from phosphorylase a (iy PE enzyme) 
was actusllj adenylic acid. The conversion of phosphorylase a to b occurs also in muscle 
duririg contraction to fatigue (Cori, 19^5) and apparently the reverse occurs during rest. 
Mrs. Cori has postulated that "The temporary inactivation of phosphorylase a by enzymatic 
removal of its prosthetic group may represent a regulatory mechanism which would prevent 
the exiiaiietion of glycogen stores in fatigue." 


The b form of phosphorylase was crystallized by Cori and Cori (19^5a). With added 
adeiyilc acid it is about 90?t as active as crystalline phosphorylase a. Studies of the 
physical properties of phosphoiylase b indicate It to have a lower electrophoretic mobil- 
ity than phosphorylase a; the diffusion constant and, presumably, the molecular weight, 
are the same as those of phosphorylase a (Green, 19^5)- 

When purified muscle phosphorylase converts glucose- 1 -phosphate to polysaccharide In 
the presence of a minimal quantity of primer, the polymer formed Is not glycogen. It 
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stains blue with iodine and appears to he a linear polysaccharide of the anylose type con- 
taining glucose residues in 1:4 linkage (Hassid, Cori and McCready, 19^5)* Heart and 
liver phosphorylase preparations, however, contain an additional enzyme which produces 
1:6 linkages. When such preparations are added to muscle phosphorylase, the combined ac- 
tion of the two enzymes produces true glycogen from glucose-l-phosphate . 

Plant phosphorylase does not require additions of adenylic acid. It differs also in 
that comparatively simple oligosaccharides can serve as the "primer'*, while muscle phos- 
phorylase requires a large, branched- chain polysaccharide such as anylopectdn or glycogen. 
Proehl and Day (1946) estimated that the activator for potato phosphorylase need be no 
larger than 6 to 7 glucose residues per molecule. Swanson and Cori (1948) found that poly 
saccharide fragments containing only 4 to 5 glucose units would activate potato phosphoory- 
lase. The latter workers demonstrated that if these fragments were derived from anylo- ^ 
pectin type polysaccharide, the primer must have end groups at least "5 bo 4 glucose units 

removed from a branch point". 

Bourne and Peat (1945) have obtained two types of phosphorylase from potato juice. 

One of these (P enzyme) converts glucose-l-phosphate to a polysaccharide which stains blue 
with iodine. The other (Q enzyme) apparently makes anylopectin, for its product stains^ 
red. The Q enzyme can rearrange the glucose units of anylose to give a product resembling 

anylopectln (Bourne, Macey and Peat, 19^5)- 
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The enzymatic transformation of fructose - 6 -phosphate to glucose- 6 - phosphate was first 
described by Lohmann (1955) • While studying the dephosphorylation of HDP by dialyzed frog 
muscle extracts, he observed that the product was not the Neuberg ester, as expected, but 
a mixture of aldohexose monophosphate and ketohexose monophosphate. He then found that 
the enzyme which formed this mixture (Embden ester) from either the Neuberg ester or from 
aldohexosemonophosphate was present in extracts of many different organs. It has since 

been demonstrated by Hanes (194o) in plants. 

Gottschalk (I 947 ), on the basis of earlier work, considers gluco 3 e- 6 -phosphate and 
mannose - 6 -phosphate to be converted to the Neuberg ester by separate enzymes in yeast. 
Comparable studies have not yet been made with animal tissues, but it is known that man- 
nose is metabolized by a great variety of animal cell preparations. 

E . PHOSPHOHEXOKINASE 

Fructose- 6 -phosphate + ATP ► Fructose 1,6 diphosphate ADP 

ttiat ad-snosin.® triphosplia'ts plays an important rol© in cart)oliy~ 

drate metabolism was originally Interpreted to mean that ATP phosphorylated glycogen. 
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F. ALDOLASE 
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mSt tttoSf ?rtac??? discovered many years earlier was known to convert 

lyiTTovnif ^ lactic acid. ^ However, in I 932 Lohmann demonstrated that this enzyme — 

thion** btt ^ coenzyme and that muscle extracts freed of gluta- 

tht^h ^ other cofactors could convert glycogen to lactic acid even 

^ converted- In the same year Fischer and Baer (1932) re- 

OMe^s °l I)h-glyceraldehyde-3 -phosphate, a hypothetical intermediate in 

scheme of carbohydrate breakdown. It was soon found that this synthetic 

1 extent of 50^ by yeast zymase (Snythe and Gerischer, I 933 ) 

ng the levo rotatory component. Embden and Jost (193^^) found it was converted to 

lactic acid hy muscle preparations and Meyerhof and Kiessling (1935a) found It to produce 
phosphogly ceric acid in the presence of fluoride- 

these findings, Embden postulated a complete scheme of carbohydrate break- 
down which has proved to be almost exactly in accord with present day knowledge- (As 

early as 1913 Embden and co-workers had postulated the reversible cleavage of ketoses into 
glyceraldehyde and dihydroxyacetone in the metabolism of carbohydrate. ) 
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The enzymatic conversion of HDP to triose phosphate was established by Meyerhof and 
Lohmann (195^)* They not only isolated dihydroxy acetone phosphate but demonstrated that 
hexose diphosphate could be formed from it. This demonstration was facilitated by their 
discovery that the above equilibrium is greatly influenced by temperature. At 6 o^ almost 
all of the HDP is converted to triose phosphate while at 0^ the reverse is true. The re- 
gL 0 ^ion was fonnulated as i 


HDP ^ 2 Dihydro xyacet one phosphate 


since the i some rase in their enzyme preparation rapidly converted D-glyceraldehyde-^* 
phosphate to dlhydroxyacetone phosphate ( see Section G) . 

From the work of Meyerhof, Lohmann and Schuster (I 956 ) we may conclude that aldolase 
is specific for the dihydroxyacetone phosphate component of reaction F but can utilize a 
wide variety of aldehydes- For example, if acetaldehyde and HDP are added to dialyzed 
muscle extract the HDP gradually disappears and a new ester, methyl tetrose phosphate is 
formed. When, instead, D-glyceraldehyde is added with HDP, the final product is fructose- 
1-phosphate indicating that the free aldehyde condenses with dihydroxyacetone phosphate. 
DL-glyceraldehyde was found to react with dihydroxyacetone phosphate to produce an equi- 
molar mixture of D-fructose-l-phosphate and L- sorbose -1-phosphate Indicating that both 
isomers are utilized. This condensation undoubtedly explains the early finding by Embden, 
Schmitz and Wittenberg (I 915 ) that perfused dog liver converted DL-glyceraldehyde to a 
mixture of D-glucose and L-sorbose (at that date termed d-sorbose). Aldolase is not com- 
pletely unspecific with regard to the aldehyde component of reaction F for the author has 
found (see Lardy and Ziegler, I 9 U 5 ) that purified preparations of aldolase and isomerase 
do not condense L-glyceraldehyde - 3 -phosphate to a HDP. 


A consideration of the products formed when various aldehydes were mixed with HDP in 
the presence of muscle extracts indicated that the aldolase reaction should be form^ated 
as equation F above. Proof for this contention was later obtained by Meyerhof (l95o) 
when by trapping the products of HDP cleavage with hydrazine, it was found that one mole 
of giyceraldehyde phosphate and one of dihydroxyacetone phosphate were formed from each 

mole of HDP split. 


Purified preparations of aldolase have been obtained by Herbert, Gordon, Subrahmanyan 
and D. Green (19^0), Engelhardt ( I 9 U 2 ) , Meyerhof and Beck (19^^), Warburg and Christian 
(I 9 L 5 ) and by Taylor, A. Green and G. Corl (19^)* Warburg’s and Christian's rat muscle 
preparation is the most active reported. Crystalline rabbit muscle aldolase is prepared 
by Taylor et al. aa considerably less active (turnover number 1700 moles HDP/ ml n. / 150,000 
gm. at 50 oy~even though it appears to be electrophoretically homogeneous over a wide pH 
range. Diffusion constants (Taylor et al . ) and amino acid analyses (Velick and Eonzonl, 
I 9 L 8 ) indicate a molecular weight of about 150,000 for rabbit muscle aldolase. 


Purified aldolase 
are taken from Herbert 
concentration given. 


shows optimum activity at pH 9* 
et al. ( 1940 ) but are applicable 


The equilibrium data cited above 
only for the initial substrate 


Purified aldolase from muscle is extremely sensitive to traces of heavy metals ( Ag , 
Cu-^ L weS L to Ip. Warburg and Christian (1943) find yeast aldolase to be in- 

hibited by pyrophosphate, dlpyridyl, cysteine and GSH indicating that the enzyme has a 
dissociable heavy metal activator. Yeast aldolase inactivated by the above complex 

formers is reactivated by Fe'*’**’ or Zn 


A method has been devised by Allen and Bourne (1943) for the microscopic detection 
of aldolase in tissue slices. The aldolase of a plant tissue (pea seeds) has been par- 
tially purified by Stumpf (1948). 

It would seem that the ability of aldolase to condense a variety of aldehydes with 
dihydroxyacetone phosphate offers a possible pathway for the formation of a wide variety 
of naturally occurring conqpounds in addition to hexose diphosphate. 
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ment of inorganic phosphate liberated. However ir?; measure- 

1932 ). alicalinlty which destroys both esters (Fischer and Baer, 
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The uptake of inorganic phosphate during fermentation had been well established by 
Harden out the mechanism of this fixation remained obscure until about I 936 when it was 
found that there are two sites of orthophosphate uptake. One has been discussed under 
C above. Light was thrown on the second by Schaffner and Beri (I936) when they demon- 
strated that the esterification depended upon a simultaneous exothermic oxidation- reduc- 
tion reaction. They found this step to be promoted by HDP and not abolished by fluoride. 

The latter observation set the new process apart from the conversion of phosphopyruvate 
to pyruvate and ATP. 
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D. Needham and Pillai (1957) and Meyerhof (1957) found the phosphate uptake to occ^lr 

during the reaction: pyruvate + triose phosphate ^ adenylic acid + orthophosphate ^ 

lactate + phosphogly cerate + adenylpyrophosphate. It was then shown hy Green, Needham and 
Dewan ( 1957 ) that the triose oxidation may he reversed with either lactate or malate as 
the electron donor. The reversibility was confirmed by Meyerhof, Ohlmeyer and Mohle 
( 1958 ) who also demonstrated the necessity for ATP in bringing about the reduction of 
5 -phosphoglycerate to triose phosphate. 

In 1959 Warburg and Christian Isolated triose phosphate dehydrogenase in a crystal- 
line state from yeast and used this preparation to study the mechanism of the oxidative 
step. Oxidation of triose phosphate and reduction of DPN were found to occur only in the 
presence of inorganic phosphate. The oxidation product was Isolated by Negeleln and 
Bromel (1959) shown to be a diphosphogly ceric acid. The chemical properties of this 

labile ester indicated it to be an acid anhydride of phosphoric and 5 phosphoglyceric 

acids . 


It is known (see Lipmann 19^1; Kalckar 19^1) that the oxidation of aldehydes to car- 
boxylic acids is a strongly exothermic reaction. Eesonance of the carboxyl group con- 
tributes to the stability of the acid. For this reason acids are not easily reduced to 
aldehydes. In the biological oxidation of glyceraldahyde-5 -phosphate, however, a stable 
product is not produced. The ’’opposing resonance” of the acid anhydride linkage in 
diphosphoglycerate makes a labile, ”hlgh-energy” compound which can be reduced readily to 
the aldehyde. The transfer of the high-energy phosphate to ADP to produce ATP and the 
stable 5 -phosphogly cerate is discussed in section I. 

Triose phosphate dehydrogenase has also been isolated from rabbit muscle (Cori, Sleln 
and Cori, 19 ^-^; Caputto and Dixon, 19^5)- The purified enzyme from muscle is l^ctivated 
by storage, presumably by an oxidative reaction. The inactive "oxidized” form is re- 
activated by cysteine or GSH. In confirmation of earlier work by Meyerhof and Kiessling 
( 1955 a and b) and Bapkine (1958), the enzyme is inactivated by iodoacetate. The reaction 
with iodoacetate is not instantaneous and is not reversed by cysteine. 


When the reaction components are limited one at a time, the dehydrogenase exhibits 
half maximum activity when the concentration of glyceraldehyde phosphate is 5-1 x 10“ 5 M 
or when the concentration of DPN is 5*9 x 10”5 M (Cori, Slein and Cori, 1948). At pH 8.6 
and 27 ^, 100,000 grams of the crystalline enzyme will reduce 6700^ moles of DPN per minute. 
At pH 7 ".! the activity is only about 15^ as great. The enzyme oxidizes free glyceraldehyde 
but only about l/500th as rapidly as the phosphorylated aldehyde. Caputto and DLxon (19^5) 
indicated that inorganic phosphate was necessary for the oxidation of both the free and 

phosphorylated glyceraldehyde. 

In spite of intensive study by Meyerhof and his collaborators, (Meyerhof and Junowicz- 
Kocholaty, 19^5, Drabkin and Meyerhof, 19^5) the mechanism by which orthophosphate is 
fixed during triose oxidation la still obscure. It is believed that phosphate adds to 
the aldehyde Just as water does to form aldehyde hydrate. Oxidation of such an aldehyde 

OH /P 

phosphate -C^ - OPO 5 H 2 would then leave an acyl phosphate -C Other mechanisms have 

H H2 

been proposed without experimental support. 
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POO mu indicating a low content of tiyptophan and tyrosine. 

Tho cpystallin© protein waq AQh \> j • n 

or Mn ions for activity. While no require^nt f^^ required the addition of Mg 

etrated with dialyzed muscle extract either of these ions could be demon- 

sinricient divalent cation might be retained bv th^^ ^9^5), it must be recognized tha 
i^racts). discussion of the retention of KT** by these ex- 


Bucher determined the eauilibrii^m r,f -i, 

quiiiorium of the above reaction to be 


IAT^ [Phosphoglycerat^ 
plphosphoglycerat^ 
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at neutrality. The equilibrium was not markedly dependent upon pH, 
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Dolaonf.d demonstrated that a stable phosphoric eater accumulates in fluoride 

Cumulated^n f? (1950) Isolated the barium salt of the ester which ac- 

predlctS PoisoMd yeast extracts to which acetaldehyde had been added and 

( 955) and eyerhof and Kiessling (1955b) also obtained the monophosphori c ester from 

g^co yzlng muscle extracts when fluoride was present. Embden ^ ea. demonstrated that 

*4 ® enzymatically converted to pyruvate and inorganic phosphate. About this 

me, eu rg and Kobel (1955) reported that synthetic monophosphoglycerate was metabolized 

in the 8^ manner, and Embden and Deuticke (195^) identified the natural ester as mono- 
phosphoglycerate. 
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In 1955 Meyerhof and Kiessling reported that both muscle and yeast extracts catalyzed 
the transformation of ^ -Phosphoglycerate into a new intermediate 2-Phosphogly cerate and 
that the reaction was reversible. At that time they reported the equilibrium to vary con- 
siderably with temperature. Later Meyerhof and Schulz (1958) applied their more accurate 
method for determining these esters (rotation in the presence of molybdate) and obsei^ed 
the following equilibria: 

Temperature (^C) % 2-Phosphoglycerate 

0 8.5 

20 9.5 

57 11.2 

60 11.6 


When reaction (J) is carried out in the presence of inorganic phosphate containing 
p52 no radioactive P is found in the product (Meyerhof, Ohlmeyer, G-entner and Maier- 
Leibnitz, 1938), hence the phosphorous atoms originally on the carbon chains remain at- 
tached. 

It is remarkable that a metabolic function has never been found for the 2, 3"diphospho- 
D-glycerate discovered in erythrocytes by Greenvald (1925) many years before the mono- 
phosphoglycerates were known. This diphosphogly cerate can be converted to pyruvate by a 
variety of cell extracts (cf. Neuberg, Schuchardt and Vercellone, 193^ J Lennerstrand, 

1959 ) ^ but the pathway by which it arises and the detailed mechanism of its breakdown have 

yet to be discovered. 
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The phosphoric ester of enol-pyruvic acid was discovered by Lohmann and Meyerhof 
( 19314 -) while studying the metabolism of phosphoglycerate by dialyzed muscle extracts. It 
was later synthesized by Kiessling ( 1956 ).^ The enzymatic conversion of 2-pho3phoglycerate 
to phosphopyruvate was studied by Meyerhof and Kiessling (1935b) who found that fluoride 
iiihibited the formation of phosphopyruvate from 2 -phosphoglycerate but did not inhibit the 
formation of the latter from 3 -phosphoglycerate. Thus they established the site of fluo- 
ride inhibition of gJycolysis which had been demonstrated earlier by Embden and Haymann^ 
(1924) and which had been partially located by Lohmann and Meyerhof (1934). The mechanism 
by which fluoride exerts its Inhibition was disclosed by Warburg and Christian (1942) in 
a study of the pure enolase which they prepared from yeast as a crystalline^mercu^ 
plex. The purified enzyme when freed of mercury was active when either Mg , Mn or Zn 
was added. Inhibition of the enzyme by fluoride results from the formation of a magnes um- 
fluoride-phosphate complex which apparently combines with the enzyme and thereby displaces 
the normal activator - Mg'*’'*’. Warburg and Christian fo\ind that the Inhibition could be 

expressed as: 

residual action _ „ 

X ^ ^phosphate ^ Inhibited action 


at pH 7 . 3 ^ 20°, K = 5-2 X lO"^ 
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^Oi many years reaction L was considered by numerous writers to be irreversible fol- 
g the report of Meyerhof, Ohlmeyer, Gentner and Maier-Leibnitz (1938) that radio- 

pr»=*a<---o^o^^n°H4i7^ exchange with the phosphorus in phosphopyruvate in the 

1-7 ■'77''- i extract. Since all enz.7matic react ions must be reversible 

and 3-r.ce Lipmann (1941) had calculated the bond energy of phosphate-enolpyruvate to be 

7 ^ Sr^ater than that of the pyrophosphate linkage the subject was reinvesti- 

gaiwed. It was -ound (Lardy and Ziegler, I 945 ) that the exchange of p52 did occur between 
p w3pnopyrwat.e and ATP and that pliospliopyi*uvatG could b© synthesized directly from pyru* 
vat© in a system where ATP was constantly being regenerated. The exchange reaction was 
hastened by^ the addition of K but occurred at an appreciable rate even in the absence of 
added K . ^ell dialyzed muscle extracts still contain potassium in appreciable (Quantities 
and It is probable that this residual potassium activates the transphosphoiylase. 

Kubovltz and Ott ( 19 ^^) have isolated ATP-phosphopyruvat© transphosphorylase from 
human muscle. The ci^stallin© enzyme was only slightly soluble in water but readily 
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soluble in neutral or weakly taalc phosphate buffers. At 20° and pH 6 . 77 , 100,000 gm of 
protein transfers 6,000 moles of high-energy phosphate from phosphopyruvate to ADP. 


M. LACTIC DEHYDROGENASE 
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The lactic dehydrogenase of animal tissues has heen prepared in pure form from more 
different sources than have most other dehydrogenases# The dehydrogenase transports elec- 
trons "between coenzyme I and lactic or pyruvic acids. Coenzyme II can replace DPN for the 
dehydrogenase obtained from ox heart, rabbit muscle or pigeon liver but is only 1 / 2 OO to 
1/100 as active as DPN (Mehler et al# , 19^)- The lactic dehydrogenase of muscle was 
first studied by Meyerhof (1919)^ Szent-Gyorgyi ( 1925 ) discovered the necessity of the 

coenzyme. The enzyme specifically forms and dehydrogenates lactic acid of L configuration 
(Meyerhof and Lohmann, I 926 ). 

Lactic dehydrogenase was first prepared in cirystalline form from beef heart by Straub 
( 19 ^ 0 ). The crystalline enzyme has since been obtained from rat muscle and Jensen sarcoma 
by Kubowitz and Ott (19^5)* The enzymes from the normal and neoplastic rat tissues were 
apparently identical. These same workers (Kubowitz and Ott, 19 ^^) purified the enzyme 
from human muscle until it possessed the same degree of activity as their crystalline 
preparation from rat muscle (100,000 gm protein reduced 22,500 moles of pyruvate per 
minute at 20^ and pH 7.4). However, they were unable to continue their work and a crystal- 
line preparation was not obtained. 
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N. PYRUVATE DECARBOXYLASE 
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The conversion of pyruvate to two- carbon compounds in animal tissues falls in the 
province of the following chapter, in yeast however this step is still in the fermentative 
pathway. The role of pyruvate in yeast fermentation was predicted by Neubauer and From- 
herz ( 1910 ) and established by Neuberg and Karczag (I 9 II). The enzyme which converts 
pyruvate to acetaldehyde and CO 2 has been called "carboxylase**; the term pyruvate decar- 
boxylase is used here to differentiate this enzyme from those which decarboxylate the 
other numerous a and P keto acids. Auhagen (I 95 I- 52 ) discovered that a heat stable co- 
enzyme is required by this carboxylase and that it may be washed from the yeast protein 
with alkaline phosphate. The coenzyme was isolated and identified as the pyrophosphoric 

ester of thiamine by Lohmann and Schuster (1937)- 

The pyruvate decarboxylase of brewers yeast has been piurlfled by Green, Herbert and 
Subrahmanyan (1940, 1941) and by Kubowitz and Liittgens (1941). The purest preparations 
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diz6d^ vlth bromine, the netural ex -glycerophosphate iaolatad from yeaet and found that the 
L-5 acid produced was dextrorotatory and vas not metabolized. Since the 
natural 5"P^OBphoglyceric acid Is levorotatory it must belong to the D series and the 
glyceraldehyde-5*pho8phate which is its precursor must likewise have the D configuration. 


Prior to this time it had been ass u m e d that oc -glycerophosphate arose by il^ductlon of 
glyceraldehyda-5“Pho8phate (cf. Baldwin, 19^7, p. 12?, 315, 524, 349 e.g.). In view of 
their new findings, Fischer and Baer (1937; Baer and Fischer, 1939) proposed that dlhydro^cy- 
acetone phosphate was the immediate precursor of L-cx*glycerophosphate and subseciuent work 
has borne out their contention. 


SUMMARY 

Carbohydrate breakdown by way of the scheme shown in Figure 1 provides energy to the 

living cell under anaerobic conditloris. For each mole of hexose metabolized, an expendi- 

ture of two moles of high energy phosphate is required to prepare the hexose molecule for 
its cleavage. Four moles of high energy phosphate are returned to the adenylic system par 
mole of hexose converted to lactate or ethanol. Thus a net gain of two moles of utlllz- 

abla high-energy phosphate is realized. This is a comparatively small amount of the free 

energy in the glucose molecule. Ihr more energy la liberated during the oxidation of the 
glycolytic end products as will be brought out in the chapter which follows. 
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n dioxide and water may be divided into two phases 

..Ohio process whicn glucose is transformed into two molLules' 
.::e aeroDic process by which lactic acid or, more correctir its 

aeroDically to carbon dioxide and water. In 
rurr_j-.g of^ carbohydrate” is used, reference is made to the 
acid rather than to the preliminary glycolysis of hexose. 
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According to this cycle pyruvic acid 
is not oxidized as such hut rather after 
it has ^undergone condensation with a mole- 
cule ot oxaloacetic acid. During one com- 
plete turn of the cycle this product of 
condensation is only partly oxidized to 
carbon dioxide and vater^ oxaloacetic 
acid remaining as the residue. In other 
words, the eq^uivalent of a molecule of 
pyruvic acid is oxidized whilst a molecule 
of oxaloacetic acid is regenerated at each 
complete turn of the cycle. To start the 
process going, at least one molecule of 
oxaloacetic has to be present for conden- 
sation with pyruvic acid. Once the reac- 
tion is under way, there is constant re- 
generation of oxaloacetic acid during each 
turn of the cycle. 


The system responsible for catalyzing 
the entire Krebs' citric cycle has been 
obtained in cell-free form from liver, 
kidney, heart muscle and other tissues 
and it has become possible to study sepa- 
rately each of the many reactions involved 
in the overall process (2, 5)* Before 
considering the properties of this cell- 

vhich has been variously named the cyclophorase system, the oxaloacetic oxidase 
ayatea, and the oxidase systeiu of the insoluble residue, we shall consider the detailed 
chenzlstry of each reaction in the cycle insofar as it has been elucidated. For purpose of 


Figure 1 

Citric Acid Cycle 
(Cf . Reference 2) 


ree system 


convenience^ the take-off point will be the oxidation of Of -ketoglutaric acid but it is im- 
iLaterlal where a beginning is made since the overall reaction is cyclical in nature. It 
should also be borne in mind that results obtained with enzymes which are not associated 
vlth the cyclophorase system may have no bearing on the properties of similar enzymes of 
the cyclopboraae system. The evidence presented in this chapter has been drawn almost ex- 
clusively from studies on the cyclophorase system. 


*It does not lie within the province of this chapter to cover the extensive literature 
dealing with Isotope studies on the whole animal or on tissue slices. The emphasis of 
the present chapter will be on studies with controlled enzyme systems. However, it 
should be stressed that the Isotope studies, particularly those of the Wood and Gurin 
schools, have provided the solid experimental basis for the citric acid cycle, A most 
excellent review of the Isotope work is provided by H, G. Wood in Phygiolopsical Bevlewe, 
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In presence of M/JO malonate (cf. Ochoa (5)), the cyclophorase system catalyzes the 
oxidation of a -ketoglutarate to succinate according to the following equation: 


COOH 
I 

CO 

I 

CH2 + 5-02 

I 

CH 2 
I 

COOH 

In absence of malonate, a reagent which poisons the succinic dehydrogenase, the oxidation 
jprocGOtis lD©yori(i th© sts^© of* sixccinxc ©cxd.* 

A preparation of th© kidney cyclophorase system which has been exposed to a tempera- 
ture of 58 *^ for about 20 minutes loses the capacity to catalyze all but one oxidation re- 
action of the cycle, viz., th© oxidation of succinic acid to fumarlc acid: 

* 

COOH COOH 

1 I 

CH2 CH 

I + ?02 ^ II H 2 O 

CH CH 

I I 

COOH COOH 

Another device for isolating this reaction involves the use of arsenite as inhibitor (2, 
k). At m/jo concentration, arsenite permits the oxidation of succinic to f uma rlc acid to 
take place but completely inhibits the subsequent oxidation of fumarlc acid, or, more ac- 
curately, of its product of hydration, malic acid. 

Fumarlc acid is brought into equilibrium with L- malic acid by means of an enzyme known 
as fumarase (5 “ 7) ^ 


COOH 
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CH 

I 
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COOH 


COOH 
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COOH 

1 

1 

CH 

CHOH 

1 

II 

CH 

CHg 

1 + H20 : 

^ 1 

COOH 

COOH 


At pH 7 and 38°, the equilibrium ratio of malate to fumarate is about 7.6 (2, 7)- 

The one-step oxidation of malate to oxaloacetate can be isolated by the expedient of 
adding 0.1 M HCN, a reagent which combines almost instantaneous^ and tenaciously wit 
Oxaloacetic acid and thereby prevents its further reaction (2, 8). 
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in the following fashion; 
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4 .- . • However, the fact 

- -i.denaation is beyond dispute (9). 
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give rise to citric acid by oxidative decarboxylation; 
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in the presence of the kidney or 
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At pH 1 .U and 33®, the equilibrium rati 
39 to 8 to 5 (1, 12). In view of this 
the three forme is first produced by 
elon the term citric acid Is used 
brlum forme. 


Che of the citric acid 
oxidatively decarboxylated to d * 
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o of citric to 



oxidation of 
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Isocltric to cis-aconltlc is about 
becomes difficult to decide which of 
procitric acid. In the present discus- 
that it embraces all three equlli- 



forme, presumably isocltric acid, can be shown to 

c acid in presence of the kidney cyclophorase 
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system. In presence of tuffer of pH 9 (2^ k) 
acid to succinic acid is essentially stopped: 


the suhseq^uent oxidation of Qi -ketoglutaric 


COOH 

CH CHOH COOH COOH 

I I 

CH2 CO 

I ^02 I ^^2 

COOH CHp 

I 

CH2 

COOH 


Having selected a -ketoglutarlc acid as our point of departure we have now described 
one complete turn of the cycle. Since there are five atoms of oxygen taken up during one 
turn of the cycle whilst eight atoms of oxygen are necessary for the complete oxidation of 
a -ketoglutaric acid it necessarily follows that more than one turn of the cycle is neces- 
sary for complete oxidation of .a -ketoglutaric acid. Thus if each of the successive reac- 
tions starting with the oxidation of cc -ketoglutaric to succinic acid is represented by the 
numerals I - the following infinite series can be constructed: 

ATOMS OF OXYGEN 



1 st turn 

2 nd turn 

5 rd turn 

4th turn 
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1 

1 

2 

1 
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1/8 

II 
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1 

2 

1 

4 

1/8 

III 
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IV 

1 

2 

1 

4 

1/8 

1/16 
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1/8 

1/16 
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0.5 
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n 
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u 
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In the practical limit, i-e. , after some ten turns of the- cycle 8 atoms of oxygen will be 
taken up for each molecule of a -ketoglutaric acid oxidized and the oxidation to carbon 
dioxide and water will be complete. It can readily be demonstrated that all other members 
of the cycle undergo complete oxidation to carbon dioxide and water ( cf . Table I) . 

Before proceeding to other aspects of the citric acid cycle, mention should be made 
of the reversibility of at least two of the component reactions. Not only can oxaloacetic 
acid be decarboxylated to pyruvic acid and carbon dioxide, but there is evidence (cf. 

Fig. 2) that the reverse, viz., carboxylation of pyruvic acid to oxaloacetic acid, can al- 
so take place. Evans, Wood, ajid Workman (I 5 - 15) have studied carbon dioxide fixation by 
pyruvic acid in soluble enzyme systems obtained from liver and bacteria. It remains to be 
determined whether the reversibly acting oxaloacetic carboxylase of the kidney cyclophorase 
system is identical with any of the soluble enzymes described by these investigators. 
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table I 


Complete Oxidation of Members of Citri 

(Q/- Reference 2) 


c Acid Cycle 


Su b s t r a t e 


Substrate 

udded 


Oxyg 


en 


Observed 


micromoles 


OL -Ketoglutarate 
Malate 

Malate 

Citrate 

Isocitrate 

Succinate 

Fumarate 

Pyruvate 
cis-Aconitate 
Oxalacetate 


mi croatoma 

58.1 

50.7 

56.8 

47.1 

45.5 

5*^.5 

I 5^*0 

25.9 

48. 

12.2 


Theory for complete 
oxidation 


ffllcroatoma 

40.0 

50.0 

60.0 

45.0 

45.0 

55.0 

50.0 

25.0 

45.0 

12.5 


Substrate oxidized 


Carbon dioxide 


micromoles 


Qc -Ketoglutarate 
Isocitrate 

Succinate 

Fumarate 
cis-Aconitate ... 


micromoles 


micromoles 

21.9 

22.9 
17.2 

18.9 
50.0 


experimental and blank manometer vessels' 1 

ing the eqJilJbrSi^n^periodf'^^AftL^rMn^tis® ®^ 27 me dur- 

strate solution in the side arm was then mixed^ith tSf crooni^ntl. """ 



Figure 2 

(Cf . Reference 2) 

Sparking of pyruvate oxidation 
with bicarbonate or with fumarate in 
catalytic concentration. The complete 
systems contained 1 cc. of Residue RoK, 
0.5 cc. of 0.1 M pyruvate, 0.3 cc. of 
0.01 M adenosine triphosphate, 0.2 cc. 
of 0.02 M MgSO^, 0.1 cc. of 0.125 M 
phosphate buffer of pH 7.3, and either 
0.5 cc. of 9.1 M bicarbonate or 0.03 
of 0.1 M fumarate. 
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The oxidation of isocitric acid to cx-ketoglutaric acid, catalyzed by a soluble enzyme 
from heart which requires triphosphopyridinenucleotide for activity, has been shown by 
Ochoa (l6) to proceed in two distinct steps: 


COOH 

CH CHOH COOH 

CH2 + iOg 

COOH 


COOH 

I 

CH CO COOH 

I 

CHp 

( 

COOH 


isocitric 

acid 


oxalosuccinic 

acid 


COOH 


CO 



CH2 


COOH 



a -ketoglutaric 
acid 


The first reaction is catalyzed hy the dehydrogenase system while the second is catalyzed 
a carboxylase apparently specific for oxalosuccinic acid. Under appropriate conditions, 
the reaction can be' reversed, a -ketoglutaric acid can be carboxylated to form oxalo- 

succinic acid. The equilibrium, however, is almost entirely in favor of decarboxylation. 
There is no positive evidence that an oxalosuccinic carboxylase is present in the kidney 
cyclophorase preparation. Oxalosuccinic acid undoubtedly arises as the first product of 
oxidation of isocitric acid but under the conditions used in studying the cyclophorase 
system, the 3 -ketoacid loses carbon dioxide spontaneously. This spontaneous rate is ade- 
quate to prevent any appreciable accumulation of oxalosuccinic acid during the oxidation 
of isocitric acid. 

Associated with the cyclophorase system prepared from kidney and liver, there are 
enzymes which catalyze the oxidation of L-proline to a -ketoglutaric acid, the latter in 
turn being oxidized to carbon dioxide and water in the cyclophorase system. Taggart and 
Krakauer ( 17 ) have demonstrated that the following series of reactions take place: 


CH 2 CHo 

CH^ CHo 

1 1 ^2 

► 1 1 

CHo CHoCOOH 

CH CHpCOOH 

\ / 

% / 

N 

N 

H 



CH^ 


CH, 


CH 





CHoCOOH 




N 


COOH CH 2 CHg CHNH 2 COOH 


COOH CH2 CH2 CHNE2 COOH i- ^2 ► COOH CH2 CH2 CO C 005 + 

COOH CO CH2 CH2 COOH + 14-02 ► 5 CO2 + 5 H2O 


Thus a mechanism is provided whereby two amino acids, viz., L-proline and L-glutamic acid 
can be oxidized to completion eventually by way of the citric acid cycle. L-^ydroxypro- 
line is also oxidized but the rate is rather small compared to that of prollne and the 
oxidation appears to be only partial. The enzymes responsible for these oxidations are 
invariably found in association with the cyclophorase systems of both liver and kidney. 
More recently, an enzyme which catalyzes the oxidation of L-alanlne has been found in as- 
sociation with the cyclophorase system (l8). 
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pietio- in the ® substances which can be oxidlz.H f 

>or.j, syste^, ,19). Sot on:,r doos SttnciroxiSufnt^J/r “ <=^<=10- 

. fhe Citric acid cycle, but in addition ^ ^ T Proceed to completion bv 

apa-ed r the simultaneous operation of the citric^acld*^ oxidation has to be initiated or 

-ill i>e consideLfin f StersLuoi" significance o? 

of the citric acid cycS L Ilsradded ^ catalytic amount of some 

lon^the oxygen uptake and carbon dioxide form^iorwill b ^ ^S" 

■ ■ Of cxldatlon. All th, fStn=ldr?rro''‘f"?: 

acids from C. to C-.rarrivi-d?Lri- Preparation. All the odd 

'r-®r!l* Similarly, isobutyric acid^ is formed by oxidation°of°iaS*^’ carbon dioxide and 

by the fatty acid ox^’dase system f ! v®"" acted upon 

the end pnoducts of oxidation. ' ^ possible to determine the nature of 


their products 
to completion. 

nuiLr^i'sd i'fi'b'tv 


Fatty Acids Oxidized 


table II 

Kidney Cyclophorase Preparation 
Reference 19 ) 


Fatty Acid 


Oxidation Products 


Acetic 

Butyric 

Valeric 

n-Caproic 

Isocaproic 

Heptylic 

Octanoic 

Pelargonic 

Capri c 

Unde cy 11 c 

Laurie 

Tridecylic 

^10 - 11 . iu 2 iiecyl enl 


CO2 and water 
CO2 and water 
Propionic acid, COg and water 
CO2 and water 

Isobutyric acid, CO2 and water 
Propionic acid, CO2 tod water 


CO2 and water 
Propionic acid, 

CO2 and water 
Propionic acid, 

CO2 and water 

Propionic acid, 

Acrylic acid, CO2 and water 


CO2 and water 
CO2 and water 
CO2 and water 


_ Before proceeding to the detailed Intermediary chemistry of fatty acid oxidation, a 
1 e- remar/cs are in order about the historical development of this field. The ^ -oxidation 

o. ..noop ( 20 ) rfhl ch yas worked out in whole animal feeding experiments, has been 
t„e iOuMation for the present conception of how fatty acids are oxidized in the animal 

MOop showed that phenyl substituted fatty acids are degraded in the animal body in 
the lollowin^ type of sequencer 


ECH 2 ■ ^^2 ■ COOH 

• ECH = CH - COOH ^ E CHOH CHo COOH 

E - CO - CE^ - COOH 

i 

E COOH + CH2 COOH 

P -Oxidation was considered by Khoop as a device for chopping down a fatty acid in cuts, so 
to speak, of a two-carbon acetic acid unit. He postulated that aoetoacetic acid arose ex- 
clusively from butyric acid by ^ -oxidation. It was not until vezy recently that fatty acid 
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oxidation was demonstrated in cell-free systems by Leloir and Munoz (21) in a now classi- 
cal investigation. Others who have made important contributions to our knowledge of the 
enzymes involved and the intermediary reactions are Lehninger (22 - 29), Potter (50)^ 
Quastel (51), Cohen (31a), Welnhouse (52), and Gurin (33)- 

If the Initial phases of fatty acid oxidation, as catalyzed by the liver and kidney 
cyclophorase systems, proceeded according to the classical Khoop scheme, we should expect 
not only butyric acid, for example, to be oxidized to completion, but also crotonlc acid, 

0 -hydroxy butyric acid and acetoacetic acid. Under appropriate conditions, all these postu- 
lated intermediates of fatty acid oxidation are Indeed oxidized to completion at rates com- 
parable to that of butyric acid. In contrast , a -hydroxybutyric acid, y -hydroxybutyric 
acid, a, 3 -dihydroxybutyric acid and Q£ -ketobutyrlc acids are not acted upon by the kidney 
cyclophorase system. It is of interest to note that isocrotonic acid, which is the cis 

isomer of t rans - c ro t onl c acid, and vinylacetic, the A 3 , y “Unsaturated butyric acid are 

both oxidized as readily as t rans -crotonlc acid. Perhaps the most direct evidence that 
the oxidation of butyric acid in the cyclophorase system proceeds according to the Khoop 
scheme is the demonstration by Knox and Welnhouse (5^) that when butyric acid labeled in 

the carboxyl group with is oxidized in presence of unlabeled acetoacetic acid, there 

la found at the end of the experiment the label exclusively in the carboxyl group of 
acetoacetic acid. In other words, butyric is oxidized by way of acetoacetic acid. A 
similar experiment was carried out in a system oxidizing labelled octanoic acid in presence 
of an excess of acetic acid. At the end of the run acetic acid was isolated and found to 
contain isotope, thus demonstrating the essential step of 3 " oxidation. 

The derivatives which would arise by 3 -oxidation of butyric, valeric, isocaproic, 
hexanolc, and octanoic acids have been tes'ced and they ere all oxidized to completion and 
at rates comparable to those of the parent fatty acids (of. Table III). There would ap- 
pear to be little doubt that in the cyclophorase system, fatty acids are oxidized first by 
way either of the Of, 3 “Unsaturated acids or the 3 ^tiydroxy acid and then by way of the 
3-keto acid. 


TABLE III 


Oxidat ion to Completion of 3 and Q - 3 ted 

Fatty Acids by the Kidney System 

(cf. Reference 19) 


Fatty Acid 
Derivative 

p mol s 
added 

p mol s 
uti 1 i zed 

p atoms 
oxygen ab- 
sorbed (blank 
subtracted) 

Theory for 
oxidation 
to GO 2 and 
H 2 O 

Theory for oxida- 
tion to non-oxi- 
dizable residue 
and CO 2 and H 2 O 

d, 1- 3 - hydroxybutyric 

5 


26.2 

27 


d , 1 - 3 - By droxy vale ri c 

2.5 


11.8 


12.5®’ 

d, I -3 - Hydroxyl socap role 

2 


10.0 

- 

10.0^ 

d , 1 - 3 -Hydroxy caproi c 

1-5 


21.0 

22.5 


d,l-3 “i^droxy octanoic 

1 


21.4 

21.0 


■ 3 -Ketovaleric 

2 


8.1 


8 . 0 ® 

3 -Ket oi socaprol c 

10 

5.50 

15.8 


15 . 2 ^ 

3 =Ketooctanoi c 

7.5 

3.84 

53.8 

38.4 


Isocrotonic 

6 


62.3 

54 


^^^^-pentenoic 

5 


23.8 


25 ® 

4 -Methyl- ^ 5 - pent enol c 

2.5 


Ik 


12 . 5 ''^ 

Trans A r^^-hexenoic 

k 


62.3 

60 


Cis A -hexenolc 

3 


41.2 

45 


Sorbic 

5 


70 

70 



^ residue is propionic acid 
^ residue is Isobutyric acid 


The complete system contained M/ICX) adenylic acid, 5 p, woXs of a-keto- 
glutaric acid, M/15O phosphate buffer of pH 7 - 5 , M/150 magnesium svilfate 
1.5 cc. of enzyme at the residue stage, (b^gen in gas space; 58°. 




£1 
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-Ids are degraded b . 

unit is chopped ntr «r,^ i-v,^ ^ ' ^tchley (35)), Tn hnth tv, Isocaprolc 

acid to carbon dioxide anf™S??“ oorrespoads to the =co.pletro^°L1l„n/“:iL 

i.ll© dstsils of* fsttv sr*i • 

1^1 ^:4iroVlir 

system, beta oxidation leads to t^ choppi^" jror®*^ in thHi^er 

a® reached. Both acetoacetS Sd Letic^aci^d^ units until the stage of aceto- 

^x-dazable residue such as acrylic acid is oxldit- h ^ ® fatty acid with a non- 

0-oxidation are acetic acid and the non-oxidizablfresidul Products of 

acetif :crraS'::etia::Sci:id?ai:^°x^ ^ 

and acetoacetic acids have been shown to condenqp -i+vi ^ ophorase system. Both acetic 
carboxylic acid, presumably citric acid which i + oxa oacetlc acid to form some tri- 
cyclophorase system. The details of these two oxidized to completion in the 

out but provisionally they may be ^epS'Jteras "olZs^^"" """" 


COOH 


C=0 


CB^ 


COOH 


COOH 


+ CH, COOH 


sparking 


OH C CHo COOH 

I ^ 

CHp 


COOH 


COOH 


C=0 


CHp 


COOH 


COOH 


+ CB^ COCB^, COOH sparking^ ^ COOH 


CHg 


COOH 


r^vi these condensations were carried out by Breusch ( 9 , 36 ), 

«ho^+^ iVh Hunter and Leloir ( 39 ). There is one remarkable feature 

bout both these condensations. They do not proceed unless simultaneously some intermedi 

ate in the citric acid cycle is undergoing oxidation. Here again we are dealing with a 

sparking or priming phenomenon, consideration of which we shall have to defer for the 

moment. It might be ^ntioned that barium ions in high concentration have been used to 

prevent the condensation from proceeding beyond the citric acid stage (37). Otherwise it 

would be impossible to demonstrate citric acid as one of the products of the condensation 
reactions- 


Oxaloacetic acid is now known to condense with three different partners to form tri- 
carboxylic acid- The condensation with pyruvic acid lies within the province of the citric 
acid cycle whereas the condensations with acetic and acetoacetic acids provide the links 
between fatty acid oxidation and the citric acid cycle. 

^ controlling conditions^ the oxidation of fatty acids in the liver cyclophorase 
system nay either be allowed to proceed to completion or it may be arrested at the stage 
of acetoacetic acid (19)* The mechanism by which acetoacetic acid arises in the liver 
cyclophorase system can be shown to involve a) formation of butyric acid by degradation of 
higher even numbered fatty acids and b) ^ -oxidation of butyric acid to acetoacetic- Ckily 
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TABLE IV 

Acetoacetic Acid Formation During Fatty Acid Oxidation in Liver 

(cf. Reference 19) 


Each, of the fatty acids was tested in the presence of lO cc. of liver, 
enzyme at the residue stage, 0#6 cc- of 1 per cent heart extract and O.J oc 
of 0-01 M a -ketoglutarate - Final volume, 5 cc- oxygen in gas space, Jo • Th 
value for acetoacetic acid found at the end of the experiment in the blank was 


usually about 1 u mole or less- 



M * 

the even numbered fatty acids containing four or more carbon atoms can give rise to appre- 
ciable amounts of acetoacetic acid (cf. Table IV)- The odd-numbered or branched chain 
fatty acids yield little or no acetoacetic acid during their oxidation although they are 
oxidized as readily as the even-numbered fatty acids- 


The whole animal experiments of McKay (4o) and the Isotope experiments of Weinhouse 
(J2) have established that acetoacetic acid can also arise as a condensation product of 
acetic. Lehninger (24) has described a system in rat liver which converts octanolc acid 
quantitatively to acetoacetic acid according to the equation: 

C 5 (CH 2)6 COOH 60 ^203500 CHg COOH 


Here the acetoacetic acid formed must arise from two sources: (1) from butyrate by 3-oxl- 
dation and (2) from acetic acid by condensation. 


The special feature of Lehninger ’ 3 system is that it must include, in addition to the 
enzymes responsible for implementing 3 -oxidation, the enzyme which condenses acetic acid 
to acetoacetic acid. It is to be noted that acetic acid as such is not the primary product 
of fatty acid degradation. Therefore the condensation must be thoiight of in terms of 
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2 CH^ CO COOH 


O2 


CHj CO CH2 COOH -I- CO2 '*■ H2O 


t appears likely that the overall reaction consists of two separate reactions: 


2 CHj CO COOH + O2 


2 C]^ COOrf^ -t- CO 


2 CBk COOH*' 


C:^CO CHgCOOH 


H2O 


asterisk over the acetic acid indicates that it is not ordinary acetic acid but a 
= te..a_-y ^reactive lorm. The condensing enzyme is without effect on acetic acid as such, 
nowever.^^.ox ^d Veinhouse (314.) have shown that when the oxidation of pyruvic acid to 
2cs_boaceTiio acid 13 conducted in the presence of acetic acid labelled with 0^3 in the car- 

appears in the acetoacetic acid equally distributed between the 
- group and the P -carbon atom. This experiment reveals a most significant fact 
^ of acetic acid is an event which comes subsequent to the oxidation. 

-- S'- '-■^'vation Oj. acetic acid were inextricably linked up with oxidation of pyruvic acid 
it would be impossible to incorporate into acetoacetic acid the label contained in acetic 
acid which did not arise from pyruvic acid by oxidation. A reasonable interpretation is 
that, oxidation of pyruvic acid leads to the formation of some activating complex which can 
activate acetic acid regardless of whether it arises from pyruvic acid by oxidation or is 
present as such in the medium. It is possible that the same condensing enzyme catalyzes 
the fomation of acetoacetic acid from activated acetic acid whether the activation of 

acetic acid is brought about during fatty acid oxidation or during oxidation of pyruvic 
acid. 


Liver contains an enzyme system which catalyzes the a -oxidation of propionic and 
pheryipropionic acids leading in both cases presumably to the formation of the correspond- 
ing hydroxy acids (^ 1 ). Since lactic acid can be converted by another oxidase to pyruvic 
acid, it becomes possible to accomplish the complete oxidation of propionic acid in the 
liver cyclophorase system. The propionic acid oxidizing enzyme is not found in the kidney 
cyclophorase preparation. 

Both liver and kidney cyclophorase systems contain a group of enzymes which can con- 
vert isobutyric acid to propionic acid according to the following mechanism ( 35 )’ 


CHj ^ 1 

^CH COOH 

C H^ 


^2 


CH2 


CH2OH 


C COOH 


CH COOH 


CH 


3 


CH 


5 


Cfl2 


C COOH 


iOp 


CHO 


CH COOH 


CH 


3 


CH 


CH5CH2CHO + CO2 


3 


CH3CH2CHO 


i ^2 


CH5CH2COOH 


The oxidation of isobutyric acid is not rapid and it is possible to demonstrate both 
propionic and isobutyric acid as intermediates in the oxidation of isocaproic acid. 

The method of preparing the cyclophorase system from rabbit kl^ey or liver consists 
essentially in mincing the tissue in 0 . 9 f> potassium chloride at 0° in a blendor and adding 
alkali In an amount Just sufficient to neutralize the acid formed when the cells are rup- 
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tured. The easily sedimentable fraction of the resvilting homogenate contains the cyclo- 
phorase system, and this fraction is purified by repeated suspension in potassium chloride 

solution followed by centrifugation. The first residue obtained by centrifuging the ho- 
mogenate is called Bp, the second B 2 , etc. In general the "enzyme" is broiight to the 
third residue stage. The QO 2 of the rabbit kidney cyclophorase system catalyzing the 
citric acid cycle is atout JO* 

The preparation of the cyclophorase system from rahhit kidney is active over a period 
of 12 hours when stored at 0^* The system is destroyed by freezing, drying, exposure to 
high concentration of salt (greater than 0*1 M), to solvents, to deionized water, to acid- 
ity below that of pH ^.0 or to alkalinity above that of pH 10. 

The enzyme suspension is a highly viscous, faintly yellow-colored gel. Procedures or 
conditions which lead to inactivation of the cyclophorase system in many cases lead to 
visible alteration in the appearance of the gel from its characteristic smooth consistency 
to one that resembles curdled milk. 

There is evidence (U2) that it consists largely, if not exclusively, of nucleoprotein* 
of very high molecular weight, but whether these molecules of nucleoprotein contain all the 
enzymes responsible for implementing the oxidation of pyruvic acid and other metabolites to 
carbon dioxide and water remains a problem* The amazing constancy of the activity ratios 
of these many enzymes in successive preparations of the cyclophorase system and the invari- 
ant association of these many enzymes would argue that they are all tied up with the same 
structural units so that no one of them can be separated out from the rest* It could hard- 
ly be mere coincidence that this extraordinary variety of enzymes, all of which have to 
work either in sequence or in parallel, should always be found together in the same suspen- 
sion of particles* 

When the cyclophorase system. of kidney or liver is freshly prepared, nothing has to 
be added to the system except molecular oxygen in order to obtain the complete oxidation 
of any member of the citric acid cycle, of prollne and glutamic acid , auid of fatty acids. 
In other words, all the enzymes and coenzymes are both present and Intact. With aging of 
the preparation for one or two hours before testing, the rate of oxidation is found to fall 
off rapidly with time \inless magnesium ions and adenylic acid (or adenosine triphosphate) 
are added (cf. Fig. J). There appears to be an autolytic process which either splits off 



Figure 3 

(Cf. Reference 2 ) 

Components required for 
the oxidation of pyruvate by 
an aged enzyme preparation. 

The complete system contained 
1 cc. of a 4 hour-old Residue 
R 3 K, 0.5 cc, of 0 . 1 M pyruvate, 
0.2 cc . of 0.02 M magnesium 
sulfate, 0.3 cc. 0.01 M adeno- 
sine triphosphate ( atp) , O.S 
cc. of 0. 1 M sodium bicarbonate, 
0.2 cc. of 0.125 M phosphate 
buffer of pH 7.3, alkali in the 
center well ( 0.2 cc.), and water 
to make up to a final volume of 
3 cc. Oxygen in the gas space. 


The cyclophorase system as prepared by the standard procedure contains approximately 

equal amounts of desoxy and ribose nucleic acid nucleoprotelns . According to Lehnlnger 

(43) and Schneider (42) the catalytic activity is associated exclusively with the riboae- 

nucleic acid nucleoproteins which appear to be derived from the mitochondrial fraction of 
the cytoplasm. 
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can bo corrected only by addUlon o? rngnSn^Id 

autolytic in nature is confirmed by the fact process is 

quirement for adenylic acid is greatly reduced (2) aodium fluoride the re- 

citric add cycle re,ulre the addition of adeLu^acM 1" ‘he 

requirement for the atep Involving oxidation d a^dn.;, I f dPPMrs to be no adenylic 
enzymes associated with the cyclophorase avst^m fumarate. Several other 

notably the glutamic dehydrogenase B -hydroxvbutvr?)^ h is requirement for adenylic acid, 
catalyiea the oxidation of pyruvlc’acld to SeScitl f 

rled Zl if P-L”:e°:fX"ph^?e“L°"1^rSr =yctema are uaually car- 

will be considered later these reactions nrof' special conditions are imposed which 

added phosphate. ' reactions proceed Just as well in the complete absence of 


When the kidney enzyme system at the third residue stace fP -io »n .... 
a-ketoglutaric acid or any other member of the citric allowed to oxidize 

organic phosphate uhloh dlsapuearr f . f £ ^ au^nts the an»unt of In- 

variable from one enzyme breuaretlAn t ^ flf of phosphate which disappears is extremely 

appears Is about 50 per iZl c°f ^hHuTof ohrj^ ' aX tZl 

Of inorganic phosphatfaJd thrShsTJf ^?fgXu\"ro"XXrZpX‘! 

of « Inorganic phosphate is found to be accompanied by the formation 

I N aci?at So°^ Se completely hydrolyzed following 7 minute exposure to 

With the Identification of inorganic pyrophosphoric ester as the product into which In- 

ll transformed, it became clear that the competing process was in fact 
the hydrolysis of the ester by the pyrophosphatases present both in the liver and kidney 

enz^e system. Fluoride suppressed the activity of the pyrophosphataaee but did not 
aDoJ-iSii itr alt-ogetliGr undGr th.© conditions of* the ©xperiment. 





actively functioning cyclophorase system at the third residue stage 
much inorganic pyrophosphate from phosphate whether glucose is present or not# 
with an enzyme at the first residue stage^ the presence of glucose has a pronounced ©ffecti 
little inorganic pyrophosphate accumulates whereas an ester is formed which is alkali 
lahile and which generally has the characteristics of a hexose phosphate- Apparently some 
enzyme essential for the phosphorylation of glucose is washed out during the preparation 
of the cyclophorase system. Indeed, when the supernatant of the first residue is added to 


an enzyme at the third residue stage it restores the capacity to phosphorylate glucose. 
Experiment has shown that yeast hexokinase as prepared by the method of Colowlck ^ ai. 
(46) and muscle hexokinase as prepared by the method of Cori et (4?) repr^uce the ef- 
fect of the supernatant enzyme completely- Hexokinases as a class transfer phosphate from 
adenosine polyphosphate to some hexose or hexosemonophosphate. The inference Is therefore 
clear that adenylic acid is acting as a shuttle between the cyclophorase system on the one 
hand which acts as the donor of phosphate and the hexokinaseglucose system on the other 
hand which acts as the acceptor of phosphate. 


Magnesium ions, adenylic acid (or adenosine triphosphate) and substrate are essential 
for the over-all conversion of inorganic phosphate into hexoaephosphate (cf. Table V). 
Fluoride again is essential for maximum phosphorylation although in the concentration used 
it lowers the rate of oxidation- Since the req^uirements of two systems are involved In 
the over- all phosphorylation process, it does not follow that the components needed for 
phosphoiylation are identical with those needed for the operation of the cyclophorase 
system- 

Kalckar ^ al. (48) have observed in homogenates of rabbit kidney that adenosine and 
glycerol could serve as phosphate acceptors d\xring oxidation of cycle substrates. Similar- 
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TABLE V 

Components of System for Phosphorylation of Fructose in Kidney 

Cyclophorase System ( c f . Reference 44 ) 


System 

Oxygen uptake 
in u atoms 

Phosphate 
di sappearance 
in p. mols 

A P / 
/A 0 

Complete 

15.4 

55,6 

2.66 

No adenylic 

5.5 

5.7 

1.03 

No magrleaium ions 

9.7 

10.5 

1.06 

No fluoride ions 

25-1 

54.5 

1.37 

No fructose 

15.6 

3.7 

0.27 

No hexokinase 

14.7 

10.0 

0.68 


The complete system contained 1 cc* of* enzyme at the residue 
stage, 0.02 cc. of yeast hexokinase, M/ 1000 adenylic acid, m/ mag- 
nesium chloride, m/6o phosphate buffer of pH 7*3, m/ 30 fructose, M /90 
sodium fluoride and m/ 100 a “ketoglutarate . Final volume, 5 cc. 


Potter et a^. (^9) have used creatine as a phosphate acceptor for rat liver homogenates 
acting upon oxaloacetate. These reactions require special enzymes, which are not -contained 
either in the cyclophorase preparations at the stage of the third residue or in the solu- 
tions of purified yeast hexokinase. 

Considerable theoretical significance attaches to the determination of which oxidative 
steps involve esterification of inorganic phosphate and of the number of phosphate mole- 
cules which are esterified per atom of oxygen absorbed. There is an extensive literature 
on this subject, the most notable contributions being those of Belitzer (50), Kalckar (51), 
Colowick ( 52 ), Potter (49), and Ochoa (3)- These Investigators have established the link- 
age of phosphate esterification with the aerobic oxidation of succinic acid, glutamic acid, 
oxaloacetic acid and ci -ketoglutaric acid. While there is general agreement that more than 
1 molecule of Inorganic phosphate was esterified per atom of oxygen, the conditions under 
which these experiments were carried out make it difficult to evaluate the limiting P/o 

ratio. Ochoa (3) in his study of the one step oxidation of a -ketoglutarate to succinate 
attained a ratio of 1.8. 

It would appear from Table VI that more than two molecules of phosphate are taken up 
for each atom of oxygen absorbed in every step of the citric acid cycle except that of 
succinic to fumaric, which has a P/ 0 ratio of leas than two. The ratios for the oxidation 
of glutamate and prollne are also above two. Since only whole numbers of phosphate mole- 
cules can be esterified per atom of oxygen, it follows that in those cases where the ex- 
perimentally determined ratio exceeds two that the actual ratio is three and is not at- 
tained owing to back reactions as yet unspecified. The observed P/o ratio for the oxida- 
tion of p -hydroxy butyrate to acetoacetate appears to be less than two. 

On the basis of the P/o ratios for each of the five steps involved in the oxidation 
of pyruvic acid to carbon dioxide and water, a total of ll4- molecules of phosphate should 
be taken up for each molecule of pyruvic acid oxidized to completion. Lipmann (55) has 
calculated the maximum number of phosphate molecules (cf. Table VII) which could be esteri- 
fied during the oxidation of pyruvate. Three assumptions are made in this calculation: 

(1) that each of the five oxidative steps is completely reversible, (2) that the difference 
^©tween the oxidation- reduction level at each step and the oxidation- reduction level of 
the oxygen electrode can serve. as the basis of calculating the AF for each step and fin- 

(5) that 12,000 k cal/ mole is the most probable value for the ^ F value of a pyrophos- 
phate linkage. The calculated value turns out to be 25 moles of phosphate esterified per 
molecule of pyruvic acid. In his calculation Lipmann has approximated only very grossly 
the oxidation- reduction potential levels for the a -ketoglutarlc to succinic step and f^ 
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TABLE VI 


A t o A U O 








to uxygen Lonsum 
oubstrates {^. Reference 44) 



TABLE VII 


Moles 


of Phosphate Esterified at Each Step in the Citric Acid Cycle 

( c^. References (53) and (53a) 
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TABLE VII (Continued) 

Theoretical Phosphate/Oxygen Ratio for Oxidation of Pyruvic Acid* 

(cf. References (53) and (53a) 



Eh (Volts) 

Oxygen Electrode 
Minus System 

(Volts) 



cr -Ketoglutaric succinic 

-0.78 

1.58 

Succinic 

— >-'fumaric 

+0.00 

0.80 

Malic 

oxaloacetic 

-0.18 

0.98 

Oxaloacetic 

+ pyruvic >■ citric 

-0.78 

1.58 

Isocitrlc — 

— a -ketoglutaric 

-0.50 

1.10 




6. 01+ 

A = nEF 

= 2 X 6 . oh X 25,058 




= 278,000 calories 



278, 000 

= 23 moles of pyrophosphate 

P per mole of pyruvic 

acid oxidized 

12, 000 





Efficiency = — x 100 = 6l% 


*The data have been taken from the article of Lipmann ( 55 )* The values 
for Qt -ketoglutaric and oxaloacetic -h pyruvic are only gross approxima- 
tions which may be in error by several hundred millivolts. 


the procitric to citric step. These values may be too high by several hundred millivolts 
which would have the effect of making the calculated phosphate nximber less than 25. How- 
ever^ by assuming a slightly lower value for the A F of a pyrophosphate linkage, the phos- 
phate number would be proportionately Increased beyond 25 * Very roijghly it may be said 
that the over-all efficiency of the cyclophorase system when catalyzing the complete oxi- 
dation of pyruvic acid is 1^/25 x 100 or slightly more than 6o per cent. This is indeed a 
remarkably high efficiency for processes involving molecular oxygen and would sxiggest that 
the coenzyme which is last in the series between the substrate and oxygen must operate at 
the oxidation level of the cytochromes or even higher in order to allow of such a high ef- 
ficiency of conversion. 

Thus far, experiment has shown that with one exception eveiy oxidation known to take 
place in the cyclophorase system either of liver or kidney is accompanied by phosphoryla- 
tion. The one apparent exception concerns oxidation in the fatty acid series which is com- 
plicated by the necessity for co-oxidation of some member of the citric acid cycle and also 
by the sensitivity of fatty acid oxidation to the presence of fluoride. It thus still re- 
mains to be shown by direct means that the oxidation of the activated fatty acid to the 
corresponding unsaturated acid or the oxidation of the activated unsaturated acid to the 
keto acid is accompanied by phosphate esterification. Lehninger ( 5 ^) has carried out ex- 
periments with radioactive P which suggest that all the processes of P -oxidation are ac- 
companied by phosphate esterification. 

A P/o ratio of 5 niay signify that in the reaction between substrate and oxygen at 
least three intermediary coenzymes intervene successively, and that a molecule of phosphate 
is esterified when each of the three coenzymes undergoes reduction or oxidation. In the 
light of the formation of inorganic pyrophosphate in absence of a phosphate acceptor sys- 
tem, it may be assumed that coincident with reduction or oxidation, inorganic phosphate is 
taken up with formation of a coenzyme pyrophosphate which will either split off inorganic 
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accepto/like ade acceptor system or will transfer one phosphate group to sone 


V the cyclophorase ^^star ihi ratxT moLr 0^0^^^^ -^alyzed 

cyanide reduced, never exceeds ^^^0^17 anDrLcL??h^^^^? ester! fled per 2 moles of fem 
strate is used. If ferricyanide reoxiLzes the ^ regardless of which sub- 
reaction sequence and thus prevents the second anrt coenzyme in the 

would be anticipated that the limiting ratio luld be eJac^ly^oS! Intervening, it 

by aoco.pl, abed 

diced to suoolnate at the expenirof thf ®'“- “ -"atoglatarat. can bo oxl- 

The experimentally determined values for the ratio °» acetoacetate toQ -hydroxybutyrate. 
a-betoglutarate oxldUed rarely e^Ldra va^f oetorlfled per aclo 

all tS'oSSuonnU:r^r:L‘o:o!^iJf of 
Of the complex to 58 ° irabLnce Z liflTTl °o“Plex. Various treatments like exposure 

cinic oxidizing enzyme. This hardy aualitv of th ^ inactivate all but the suc- 

Of tb^^^o^iSLi^r?:. j:x"T:TLi:er:t2rono‘'^‘ ~ 

succinic acid does not suffer in consequence of this heat treatLntbut thfabill^t 

tri;h;sph:?:"r:e^er:s\^:p:?rer""'""'"^ 


investigations of Hotchkiss (56) have implicated gramicidin as well as 

interrupting the normal link betveen o?ld“lon Ld pto- 

LtiIir(b6)’'"HotSH° fo“o unpublished experiments quoted In his revlev 

® kidney homogenate in much the same way as those reagent^ 
affected the bacterial and yeast test systems. In presence of minute amounts of gramicidin 
r dim trophenol, oxidation in the cyclophorase system proceeds if anything more rapidly 
than normal whereas the process involving removal of phosphate by esterification of glucose 
IS either suppressed completely or greatly inhibited ( cf . Table VIII) . 


ft been mentioned above that the oxidation of fatty acids, a -^-unsatu^ated acids 

or P“ eto acids was a process which did not proceed unless simultaneously some member of 
the citric acid cycle was undergoing oxidation. This phenomenon has been referred to as 
the sparking phenomenon. Gramicidin and dini trophenol have turned out to be invaluable 
reagents for the analysis of this sparking phenomenon which underlies the process of acti- 
vation of fatty acids and their derivatives. In presence of these reagents the sparking 
effect on the oxidation of fatty acids, unsaturated acids or3-keto acids is abolished 
despite the fact that the oxidation of the sparking substance remains unaffected (cf. 

Table IX). This result has interesting implications. It is not the oxidation of the 
sparker as such which underlies the sparking phenomenon but rather the phosphate trans- 
formation which accompanies the oxidation. The oxidation of the sparker leads to the 
esterification of inorganic phosphate and the formation of the primary ester. The spark- 
phenomenon presumably Involves the reaction of the primary ester with the substance 
which has to be activated. According to this formulation, activation is e<iul talent to the 
formation of a complex between the coenzyme pyrophosphate (primary ester) and the substance 
to be activated. This complex then undergoes oxidation. Gramicidin and dini trophenol can 
either inhibit the formation of the coenzyme pyrophosphate or the reaction of the coenzyme 
pyrophosphate with the substance to be activated. 


In the light of the postulated mechanism of action of dini trophenol and gramicidin it 
should follow that any oxidation process which re<iuires sparking should be inhibited by 
these reagents and conversely ary process which is sensitive to these reagents must in- 
volve activation of the substrate. Thus far five processes have been shown to require 
sparking and to be sensitive to these reagents. They are: ( 1 ) oxidation of fatty acid to 
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TABLE VIII 


Inhibition of Phosphate Esterification by Gramicidin and the Dini t rophenol 

(cf. Reference 44) 



The phosphorylatlng system contained 1 cc. kidney enzyme (E^K)^ 
0.05 cc . of* M sodium fluoride, 0-2 cc. of* M /50 magnesium sulfate, 

0.3 cc. of m/ 100 adenylic acid, 0-3 cc. of m/ 10 cr-ketoglutarate, 

0.5 cc. of m / 25 phosphate buffer of pH 7*2, 0.1 cc. of M. fructose, 
and 0-1 cc. of yeast hexokinase, 25^ and oxygen in gas space. The 
gramicidin and dinltfophenol experiments were carried out at differ- 
ent times and with different enzyme preparations. 


TABLE IX 


Effect of Dini t rophenol and Gramicidin 

Aceto- ace t a te and Acetate 


on Sparked Oxidation 
(cf. Reference 44) 


of Butyrate, 


Reaction 

Rate without 
inhibi tor 

p atoms oxygen 

Rate with 
gramicidin 

10 ug. / cc . 
u atoms oxygen 

Rate with 
dini t rophenol 

M/15,000 

)x atoms oxygen 

Oxidation of butyrate 

515 

86 

0 


206 

26 

17 

Oxidation of acetoacetate 

170 

0 

0 

Oxidation of acetate 

512 

54 

0 


The system in each case consisted of 1 cc. enzyme (feK), 10 p. moles of 
substrate, 3 p moles of a -ketoglutarate as sparker, 0.2 cc. of M/50 magnesium 
sulfate, 0.3 cc. of m/ioo adenylic eind 0.2 cc. of M/8 phosphate buffer of pH 
7*2. The rates in the table have been corrected for the appropriate blank 
without added butyrate, acetoacetate and acetate; 25^, and oxygen in gas space. 





respiratory enzymes 













• « 

-■1. I 




<5) «>» ‘=i-''=€. of 


• -“N • 


^ • 

3ar 


into acetic acid and the residue fattracld fU ^^ ' the cleavage of 

^ condensation of acetoacetic 

^ Th ^ citric acid. Eeaction (5) may well he a combination of 

Pyruvic acid and oxaloacetic acid to 

-tiv'-tv gramicidin and dinltrophenol, and consistent with 

Oxidation of procitric to citric acid involves 

-'"rv^vi^ acid tracft?°®?^^^®-^®f oxygen absorbed. The oxidative con- 

aimilarly is insensitive to the two reagents and 
by phosphate esterification (P/O ratio of 2). 

linage of phosphate esterification with oxidation is an obligatoiy one in the 
x_ da uaon cannot proceed without esterification of inorganic phosphate then it 
« ..-a. ail T^ne reactions catalyzed by the cyclophorase system should not pro- 
^c-.^ a Dsence of^ inorganic phosphate. The experimental verification of this 
ccnp licated cy the fact that even in absence of added inorganic phosphate 

, li Deration of inorganic phosphate formed by dephosphorylation of vari- 

®®^5® the protein of the cyclophorase complex and the rate of libera- 
0. inorganic ^pnosphate is sufficiently high that it becomes impossible to attain a 
o* phOffp^-te -cns. Figure h shows how the rate of oxygen uptake varies with 

inorganic phosphate. One device to lower the concentration of phos- 
where the availability of phosphate ions becomes the limiting factor 
““ LiSiHg, a pho3pnai,e acceptor system like the hexokinase-glucose system and trap- 
g tne incrganic phosphate in the form of sugar phosphate. But even under these condi- 
_ w :^3 never Deen round possible to reduce the level of inorganic phosphate below 
'5 per .cc. In Table X data are presented to show that phosphate ions are neces- 
ach of the oxidation reactions catalyzed by the cyclophorase system, in fact for 










hate lens to a 


nc^es per .c 



Final Phosphate Concentration in Micromoles Per ml 


Figure 4 


Phosphate requirement f or a -kctoglutarate oxida- 
tion. Each manometer vessel contained 1 ml. of R3Kf 
0.3 ml. of 0.01 M adenosine-5 -phosphate , 0.2 ml. of 
0. 1 M magnesium chloride, 0.1 ml. of 0.1 M fluoride, 
0.3 ml. of 0.1 M a-ketoglutarate, 0. 9 per cent potas- 
sium chloride to a final volume of 2.8 ml., and oxy- 
gen in the gas space. In addition, the following 
amounts of inorganic phosphate of pH 7.3 were added 
to successive cups: 0, 3, 6, 10, 15, and 20 micro- 

moles. The abscissa represents the final inorganic 
phosphate concentration. The ordinate represents 
oxygen uptake in the first 15 minutes after a 5 
minute equilibration period at 25 . 
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TABLE X 


Phosphate Requirements of Different Substrates 

(cf. Reference 44 ) 


Substrate 

No hexokinase or su^ar 

With hexokinase and sugar 

Oxygen uptake 

Final phosphate 
concentration 

Oxygen uptake 

Final phosphate 
concentration 


c.mm.5/lo min. 

}M/ cc . 

c. mm. 5/10 min. 

^jM/ cc . 

a-Ketoglutarate 

155 

5.9 

75 

0.57 

Succinate 

156 

5.0 

88 

O.J+O 

Malate 

102 

4.5 

5^ 

0 .i <-0 

Oxalacetate 

Sk 

2.9 

52 

O.J4-7 

Citrate 

158 

7.2 


0 . 20 

Glutamate 

110 

8.0 

1 

65 

0. 28 


The experimental manometer vessels contained 1 cc, of* the third residue from 
rabbit kidney 0.5 cc. of O.OU- M phosphate buffer of pH 7*5, 0*5 cc. of 0.01 M 
adenosine- 5 “phosphate 0.2 cc. of 0.1 M. magnesium chloride, 0.1 cc. of 0.53 M 
aodiiun fluoride, 0.^ c. of 0.1 M substrate solution (except in the case of suc- 
cinate when 0.2 cc. of 0.5 M solution was used), water to a final volume of 3*0 
cc., alkali in the center well, and oxygen in the gas space. Each substrate was 
set up in duplicate^ one cup containing in addition to the above components 0.02 
cc. of yeast hexokinase preparation and 0.1 cc. of 1.0 M fructose. In the case 
of citrate and glutamate 30 mlcroilioles of phosphate buffer were added instead of 
20. All experiments were done at 25^. The oxygen uptake fibres for the first 
three substrates listed represent the uptake during the last 10 minutes of a 30 
minute experiment. For the others the average uptake is given for the whole 
experiment, which lasted 50 minutes with oxalacetate and ^5 minutes with the 
other two. 


Loomis and Lipmann (57) have made the interesting observation that in presence of 
dinitrophenol the oxidations of the cyclophorase system appear not to require inorganic 
phosphate and they suggest that dinitrophenol by "replacing" inorganic phosphate can break 
the link between oxidation and phosphorylation. 

Since the oxidation reactions catalyzed by the cyclophorase system involve esterifi- 
cation of inorganic phosphate, it might be anticipated that all these reactions would in- 
volve a common mechanism and would depend upon the same coenzymes. As yet only adenylic 
acid has been shown to be essential for all but one of the oxidative enzymes of the cyclo- 
phorase complex. The succinic enzyme appears not to require adenylic acid under conditions 
where the other enzymes are inactive without supplementation. 

Assuming that adenylic acid as such exists in combination with the protein moieties 
of various enzymes in the cyclophorase and that the autolytic process involves the split- 
ting off of adenylic acid followed by its degradation then it may well be that all the 
oxidative enzymes require adenylic aci.d, but only for certain ones is the linkage with 
adenylic acid susceptible to attack by the autolytic processes at work. The term, adenylo- 
proteins, has been adopted to describe those oxidases present in the cyclophorase system 
which can be shown to require added adenylic acid for activity. It may well be that all 
the oxidases of the cyclophorase complex will eventually be characterized as adenylopro- 
teins since it appears that adenylic acid is probably the key coenzyme in the linkage of 
oxidation with phosphate esterification. 

There may arise some confusion between the two roles in which adenylic acid is in- 
volved in the cyclophorase system and it is in order to consider each in turn. A freshly 
prepared kidney enzyme will catalyze the oxidation of a -ketoglutarate for example without 
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little or no PhosphorylakororgiucoarwlirengSe''^Lr''r^°ri^^^^®“ introduced then 

hand and the glucose acceptor system on the ItZr °“® 

ities: a) that of restoring tL acMvitv of s 

been split off and (2) that of nctinir n ^ v. ^ oxidases from which adenylic acid has 
donor and acceptor systems. In ord^ to se?vrin\L^n?st°rD^ between the phosphate 

=d.„,.llc acid cxlats Se ^^^1^ sucL”"^"" *” 


plSis blrS;^ repLS\LwrirKifafr°'‘"“ isolated V AltoS^Sor"' 

dine, gtanyllc and yeast adenylic are “,,^27 lMot“e iHSf cShl“!“’“'“''' 




adenySc'"^?d aS pSien? dosynase and 

^ 'pvqJ ® cozymase is active only by virtue of its ability to undLso ' 

^ ^‘nterpretation^l^ th Presence of the cyclophorase system. Consistent with 

:~T IS the observation that in exhaustively washed preparations of the 

.-cphorase system (e.g.^ at the E5K: stage) cozymase cannot replace adenylic acid. Pre- 

the enz^e responsible for its conversion to adenylic acid is either no longer 

present^or has been inactivated. In that connection Komberg (59a) has obtained from kld- 

— t which cleaves various nucleotides including cozymase at the 

in Ade^lic acid is formed as an hydrolysis product of cozymase. Co- 

action whatsoever when tested as a substitute for adenylic acid. The 
aame .nacuiv±^.y applies to other coenzymes such as pyridoxal phosphate and no direct evi- 
dence nas been ^obtained that any added component other than adenylic acid or either of its 
.wo products of phosphorylation is essential for any of the oxidative reactions of fresh 
^cxophorase preparations. In the cyclophorase complex there are oxidases which catalyze 
one^oxidation of malate P -hydroxybutyrate, glutamate and citrate. There are pyridlno- 
protein enzymes known (60 - 65) which can catalyze the oxidation of each of these four sub- 
strates. May it be inferred that the equivalent enzymes in the cyclophorase complex are 
really the same pyridinoproteln enzymes but in a different physical state? This has been 
a particularly difficult point to settle with any finality and it would not be possible to 
examine all the data on which the decision has been baaed. However^ the evidence may be 
summarized as follows. The cyclophorase enzymes which catalyze the oxidation of malate, 
hydro xybuty rate ^ citrate and glutamate appear not to require the presence of added lyri- 
dine nucleotides. Furthermore all these four cyclophorase oxidases catalyze reactions in 
which inorganic phosphate is esterified whereas the classical pyri dinoproteins do not ex- 
hibit any such -property . Finally^ the cyclophorase oxidases all require the presence of 
inorganic phosphate and two of them (malate and glutamate) have been shown to require the 
presence of adenylic acid. The corresponding pyridinoproteins show no need for inorganic 
phosphate or for adenylic acid. On the face of it there would appear to be no basis for 
contending that any of the constituent enzymes of the cyclophorase are classical pyrldino- 
protein enzymes. There is one curious observation^ however, which places the problem in a 
somewhat new light. There is present in the well washed cyclophorase enzymes obtained from 
both kidney and liver a very considerable amount of cozymase and coenzyme II which resist 
tenaciously all attempts to wash them out. There is every indication that these coenzymes 
are firmly bound to protein and are not freely diffusible. In the light of the considera- 
tion mentioned previously it cannot be maintained that the citric, malic, P -hydroxy butyrate 
and glutamate enzymes are classical pyridinoproteins. But the possibility is open that a 
new type of pyridinoproteln enzyme exists which involves three new characteristics: (l) 
rigid combination of the pyridine nucleotide with the enzyme, (2) dependence of the over- 
all reaction upon the presence of inorganic phosphate and adenylic acid and (3) utiliza- 
tion of the pyridine nucleotide for the dual role of oxidation- reduction and phosphate 
esterification. However, it has yet to be shown that bound cozymase and coenzyme II are 
in any way connected with the activity of the cyclophorase enzymes. 


Since this chapter was written evidence has now accumulated to show that the principal 
oxidases of the cyclophorase complex are indeed conjugated pyridinoproteins with proper- 
ties which sharply distinguish them from those of the corresponding classical enzymes. 
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The cyclophorase complex contains two other enzymes, viz# the succinic and ot -ket oglu - 
taric oxidases which can he shown not to he identical with their classical counterparts - 
Thus the cyclophorase succinic enzyme reqmres inorganic phosphate and catalyzes a phos- 
phate linked oxidation# Its classical counterpart (cf. Battelli & Stem ( 64 )), Thunherg 
(65)) does not require Inorganic phosphate and cannot catalyze a phosphate linked oxida- 
tion# Similarly the cyclophorase Q£ -ketoglutaric oxidase is a typical adenyloproteln 
enzyme whereas its classical counterpart (66) is a diphosphothiaminoproteln enzyme which 
acts independent of the presence of inorganic phosphate or adenylic acid# In short, enough 
evidence is to hand to confirm that all the oxidation enzymes associated with the cyclo- 
phorase complex have properties which distinguish them from their classical counterparts# 

It remains to he determined how profound this distinction may he# Are we dealing with 
totally different enzymes or is the cyclophorase enzyme merely a variant of the classical 
type? 


At various points reference has heen made to the formation of a primary ester or co- 
enzyme pyrophosphate as the first product of the esterification of Inorganic phosphate. 

It is proposed to summarize in this section all the available evidence supporting this 
postulate and to clarify more precisely just what is implied hy the terms primary ester 


and coenzyme pyrophosphate# In essence the assumption is made that the prosthetic groups 
of all the oxidative enzymes of the cyclophorase complex are the Instruments hy which In- 
organic phosphate becomes ester! fled# As the various prosthetic groups undergo reduction 
they simultaneously pick up a molecule of inorganic phosphate hy an as yet unspecified 
mechanism# Furthermore, these prosthetic groups are firmly linked with the protein and 
cannot he readily split off hy repeated washing of the cyclophorase gel# 


Considerable amounts of coenzymes firmly hound to protein in the cyclophorase gel 
have heen fo\md (67)- Thus far the presence of six different coenzymes in considerable 
amounts has heen established: (1) adenosine triphosphate and adenylic acid, (2) cozymase, 
( 5 ) flavinadenlne dinucleotide, ( 4 ) diphosphothl amine, (5) the acetylation coenzyme of 
Llpmann (68) and Nachmansohn (69), and (6) trlphosphopyrldlne nucleotide. In the light of 
the requirement of many of the oxidative enzymes of the cyclophorase system for adenylic 
acid it is highly significant that both adenylic acid and its phosphorylation product 
should he found present in the cyclophorase gel in a hoimd form# It is also very signifi- 
cant that an aged enzyme preparation which no longer is active without added adenylic acid 
discloses much smaller amounts of adenylic acid still hound to the protein than the cor- 
responding fresh enzyme# The aging process seems to he accompanied hy a parallel loss of 
hound adenylic acid# 


No mention has heen made thus far of the possibility that phosphate esterification in 
the cyclophorase system may he linked with the oxidation of the substrate leading to the 
formation of an acylphosphate or some similar phosphate complex# The possibility of form- 
ing phosphorylated Intermediates has heen explored hy various investigators with consis- 
tently negative results ( 70 ). There is no evidence of a direct natiire that any substrate 
undergoes oxidative phosphorylation in the cyclophorase complex. There is also no worthy 
evidence that acetyl phosphate or any other acyl phosphate is formed in the cyclophorase 
system or is capable of being oxidized as such hy the cyclophorase system. Considering 
that certain oxidation reactions involve a P/ 0 ratio of 5 it must he obvious that the 
phosphorylation of the substrate could account for only one of the three phosphates and 
the principle of coenzyme phosphorylation must he invoked to account for a ratio of 3 # If 
three coenzymes operate in series and the reduction of each one of them is accompanied hy 
esterification of inorganic phosphate then it would he possible to attain the P/o value 
of 3* 


It is of considerable interest from the standpoint of comparative biochemistry to 
note that Clostri dium kluyverl duplicates some of the key processes catalyzed hy the cyclo- 
phorase system whilst employing a completely different mechanism of oxidative phosphoryla- 
tion# Stadtman and Barker ( 71 ) have shown that caproate can he synthesized from ethyl 
alcohol hy the following series of reactions: 


(1) CH5CH2OH 


-2H 


CHj CEO 


-PH 


CH-.CO 



( 2 ) 


CH3CHO 


H^POi^ 



» i 




» *. 




respiratory enzymes 




condensation of acetylpSsphate and acetate^'^^^°’^ formation of acetoacetate by the 


CH^CO PC^H^ 


COOH - 


CH5 CO CHgCOOH 


H5PQ4 


altno^h Stadtman and Barker have only demonstrated the reverse reaction that i +», 

taken up for each atom of o^t^giribsortef durl^f fx that only 1 mole of phosphate is 
to ratios of 5 for the oxidative atenc, nf t-v ^ ® °^t(iation of acetaldehyde in contrast 

the instrument of oxidative phosphoiylati on th^^xim^^^atirfor'p/S^iri^S® 

.'-.n a coenzyme mechanism that ratios above 1 can be attained. ^ 

^t be idle to speci^ate on the possible mechanisms by which phosphate esterifl- 

^1=^ “v^Lnce^as°to^e°S*^m?^°r^^f^'^^^°’^ cyclophorase system until there is pre- 

-sm^... action o. dimtrophenol and gramicidin will have to be tabled until the structure 
O- ^.lese coenzymea becomes known. 
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ENZYMATIC SYSTEMS CONCERNED WITH THE 
METABOLISM OF CERTAIN NITROGEN COMPOUNDS 


It la Impoaalbie to drav a sharp line vhlch divides the respiratory enzymes 
from other metabcllcaliy Important systems^ it vaa nevertheless decided to drav such a 
line arbitrarily. Emphaais In this chapter has been placed on oxidative ayatems. Hbvever, 
since amino acids In partlc»xLar undergo many Important reactions vhlch are not^ strictly 
speaking, oxidative In character, reference is made to all types of reactions in which 
amino adds participate, exclusive of proteolytic systems. This has necessitated the ex- 
clusion of systems dealing dth aaiino purines, certain amides, etc. It la hoped that what- 
ever the disadvantages of a somewhat restricted scope, these will be overcome by the ad- 
vantages of a review dealing with a more closely Integrated subject. 

THE AMINO ACID DEHYDROGENASES 

The enzymes to be considered in this section are those vhlch oxidatively deamlnate 
amino acids. The type reaction la: 

, , . B*-CH-COOH ^ ^ R^-C-COOH 2E- 

u) I II 

ffHB" NB" 


followed by the spontaneous breakdown of the Imlno acid; 



R' -C-COOH 



1-H2Q 

‘‘-H2O 


R’ -C-COOH 

II 

0 


R'*NH2 


In the following discussion, the over-all reaction forming the keto acid, the amine (or 
ammonia) and two hydrogen atoms will be considered without representing the formation of 
the Imlno Intermediate. The various enzymes differ only In the nature of the hydrogen ac- 
ceptor necessary, and the specificity toward the various amino acids. In the usual case, 
R" Is a hydrogen atom, and one of the products la ammonia. In the case of such compounds 
as N- methyl leucine, one of the products would be methylamlne, etc. Prollne and hydroxy- 
prollne present special cases, where R'* Is one end of the carlDon chain, and oxidative 
"deamination” of these compounds results In the formation of 5 -amino a-ketovalerlc adds 

(Krebs, 1939)- 


The student of amino acid metabolism, at least In the case of the mammalian tissues. 

Is presented with the anomalous situation of having comparatively detailed Information con- 
cerning enzymes whose physiological function la of questionable significance and being 
virtually Ignorant of the nature of those enzymes vhlch might be expected to play a more 
important role. Those interested In having confusion presented in tabulated form should 
consult the summary of the existing knowledge concerning L-amlno acid metabolism by Edl- 
bacher and Grauer (19^^). At present, two arAaeroblc dehydrogenases have been unequivocal- 
ly demonstrated, the L-amlno acid dehydrogenase from Proteus vulgaris, and L- glutamic 
dehydrogenase from plants and animals. Four aerobic dehydrogenases are known: the ophlo 
L-amlno acid dehydrogenase, and the L-amlno acid dehydrogenase, glycine dehydrogenase, and 
D-aadno acid dehydrogenase from mammals. Considering for the moment only mammalian meta- 
bolism, the list, containing four enzymes from mammalian sources, would seem to permit ex- 
planation of the general brea^cdovn of amino acids. However, the L-amlno acid dehydrogenase 
which has been characterized is not sufficiently active to explain the observed rate of 
breakdown of the L- compounds In tissue slices. 


A further line of demarcation which can be made in classifying the oxidative enzymes 
la that of cyanide sensitivity. Those enzymes whose activity la not dependent upon metal- 
loproteins, l.e., the flavin and pyrldlrie nucleotide enzymes, will function In the presence 
of cyanide Ion, while tnose dependent upon metalloprotelns will not. It should be noted 
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respiratory enzyme 
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4 V 


that tho primary oxidizing enzyirie need not U a ao*.aU . 
protein hydrogen transport eyntem such aa the -yt'.’r.r-, 
enzymeo, only that from Froteua vulga rl a la Irliitlte 
Kreho original L-amlno acid dehydrogenane” leir..; ,t 
liver and kidney breie (Kreba, 195 ', l^'ta) 
is a oingle entity, differ from the 'aerobic 
have been brought foivard for the exinter.-e .. 
and phenylalanine dehydrogonnsea fEdlbachor and "ira 
cerning the nature of theae enzymes, little can te aai 
dationn obaerved with L-amlno acida by cyariide Irisena 
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bo explained ly the L-uadno acid dehydrogenase now 'namc^-r* 
reactlona may be catalyzed by metalloprotelna , ky pyridfn^ r.« 
the cytochrome ayatom, or even conceivably by oyateEe 
cyanide, but coupled to cyanide sensitive reactions. 

It is plain that no detailed picture of nitrogen metatollsB In terms -.f 
enzymatic ^eacUona con be drowr.. In the tissue slice, tissue ferel. and trude^^ *' 
tract, the breakdown of a particular amino acid any Invoke trar^a^ rat' ar. 

ocnrboxyla.lon, and possibly other yet unknown non-oxidative ree-tSoft* yieUleg 
nitrogen compounds more ouaceptlbie to attacx, so that a direct InterpretetSce of 
suits obtained with such systems la usually difficult and subject to 

great need of the field la a comprehensive study, ur*der coodltloos where tb* 
bolic Intorpiay of the Intact tissue Is eliminated. 
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Th 0 doofillocl consl dor^ ti on of icnovn &Alno 8cld dshj^drcH^mi 
fored bhon^ v/Jth tho reaorvablon that tha presentation coTsrs 
zymeo Involved in the oxidative breakdown of aalno acids. 
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AEROBIC dehydrogenases 


The hydrogen acceptor for this group 
reaction ie: 


A 


4 t 


/ 




r 


t *.*■» 


( 5 ) • *•* 0 ^ ■ ■ ► 

$ 

In the absence of catalase activity, the peroxide foni^d any rea'' • * . ^ 1 

varying amounts: 

(4) R'-C-COOH > IIpOo •.R'-CXH ♦ A 

W 

0 

so that the over-all reaction approaches a su*atlon of (1^, {?), (5) and 

(*5) R'-CH-COOH > Op ►R’-GvDOfl ^ 

NHR” * 


DL-P^ollne has been reported as an exception where the L-aalnc' !• anre reljert 

to attack by hydrogen peroxide than Is the J-aalno ai“ketoT%ieri ? ecld reeM^tlnif firrei tAe 
oxidation of the D-acld (Klein and Bandler, 19^1'. 


In the presence of catalase which decomposes the hydrr^n 


( 6 ) l^Oo ♦ iO- 

the over- ail reaction is: 

(7) R’-CH-COOH iOp 

I 

NHR” 



B’-C°COOi 

0 






NITROGEN METABOLISM 229 



Keilin and Hartree (I956) devised a system offering an excellent method for demon- 
strating hydrogen peroxide formation (and removing it hefore it can attack other substrates 
or be decomposed by catalase) Involving a coupled oxidation of alcohol: 

(8) CH3CH2OH + E2O2 — catalase ^ c^CHO 2H2O 

30 that the total system follows equation 



E'-CH-COOH + O2 + C]^CH 20 H 
NHR" 


E'-C-COOH -f E"NHp 

II 

0 


+ GHz CHO -t- 

HoO 


This system exhibits the theoretical oxygen uptaJce without destruction of the keto acid as 
in equation (5)* 

L-Amino Acid Dehydrogenases 

Zeller and Maritz (19^^) have described an enzyme originally discovered in snake 
venoms^ and later shown to be present in various tissues of both venomous and non- venomous 
snakes, which was termed ophio L- ami no acid oxidase (later shortened to the unfortunate 
expression "ophio oxidase"). Since the venoms contain no catalase, the reaction is (5) 
above. With added catalase, reaction (7) occurs and the keto acid can be demonstrated. 

The enzyme is freely soluble in water, stable to dialysis, inactivated at 100^, unaffected 
by KCN, NH4, or capryl alcohol, ’’^ile its mode of action would indicate that it is a 
flavoprotein, the nature of the prosthetic group is unknown. 

The enzyme has a sharp optimum at pH 7*2 (leucine substrate) and has an optimum sub- 
strate concentration (6.8 x 10“5 M leucine). Zeller and Maritz (19^4) Interpret this as 
being due to the formation of a substrate-enzyme complex of the type: 

H\ yC00~ ^ 

C C 

E/ "OOC^ \ 


Enzyme 


and point out that those sulfonic acids forming difficultly soluble salts with amino groups 
should inhibit, which they do. For example, 0.002 M 5-nitro 2-tolueneaulfonlc acid in- 
hibits 50^ (Zeller, Iselin and Maritz, 19h6). Various sulfonic acids of this type inhibit 
50-80^t at 2.9 X 10”5 M and 90-98^^ at 2.9 x lO"^ M (Zeller and Maritz, 19^4). However, they 
neglect to mention that any reagent which removes the enzyme or substrate from solution, 
or which combines with the amino or carbonyl groups of the substrate could be expected to 
be inhibitory regardless of the nature of the enzyme-substrate linkages. 

The enzyme is also inhibited by benzoate and iodoacetate (Zeller, Iselin and Maritz, 
1946), and competitively by carbonyl reagents (Zeller and Maritz, 1945d) . 

The specificity varies from species to species (Zeller, Iselin and Maritz, 1944), al- 
though the general pattern is the same. The rates for Vlpera aspls venom are summarized 
in Table 1 (Zeller and Maritz, 1944). 


TABLE I 


Amino Acid ' 

002 

Amino Acid 

002 

Phe ny la la nl ne 

780 

Di i odoty ros i ne 

155 

Leucine 

612 

Nitrotyrosine 

129 

Tryptophane 

540 

Histidine 

78 

Tyrosine 

402 

Valine 

71 

Methionine 

590 

Cystine 

42 

Dihydroxyphenylalanine 

294 

Alanine 

50 

Dibromtyrosine 

216 

Argi ni ne 

26 j 

Isoleucine 

162 

Cysteine 

22 
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^9'‘5'=/i)- TWi^arto!iylincfdr’aS'*p?oUnf"h (Zallor 

Zeller and Maritz (Ijisa) h^ve ^ 

la a“Ls=i::^° iiT. “ ::s;nj,\MeTi"ir 

(BlanSaX‘Sr:Lr»ccI,tnnI ^r,?? *■“ 

“ «ua:'e::;“'’i“?:dVor ‘ 

those of the ophio L-amino acid dehydrogenase. ^ ^®®ctions catalyzed are the same as 

Of hi'S:yT™ir/srr:? tTp^rJf^r^JoSir^h"^^^ ^ 

NocUrSr^iLr^^Wr' Se uZleT'' ultracentri^^rfSLi^ iSoore, 

1^0,000 and eontaina^S karlSLiXepha?f «!e5„Ua 

ponenf dt.ra®?? ‘‘iO.OOO, and la lelleved to la ihe tetrSIJ 

J? /l Sv,'”’' *'?"*>''•'» ly haat or acid (»lth attendant denaturatSn of the 
Phy’rl!^'‘ PP’’^^^®^ protein la contanlnated vlth a»all amounts of some Iron por- 

s Q enzy^ has a pH optimum at 10.0, a Qq^ of 52 (turnover number of 6 ) at 58 ° at pH 

v^o eucine as substrate (Blanchard, Green, Nocito and Ratner, 19 ^ 5 ). It contains no 
n-fj al'is^yde, D-amino acid or glycine dehydrogenases. Originally, diaphorase activ- 

-oy vas thought to be associated with the same protein, but this was later shown to be 
^-hj^droxy acid dehydrogenase activity which cannot be separated from the amino acid dehy- 
drogenase and IS regarded as being a second function of the same protein. The enzyme has 

te^erature coefficient from 10 - 6 o°^ but is completely denatured in 5 minutes 
a 7 (B ancMrd, Green, Nocito and Ratner, 1944). The enzyme is low or absent in cat 
dog, guinea pig, rabbit, pig, ox, or sheep tissues, and the best source is rat liver or^ 

iCidney. Its peculiarly narrow distribution alone would render its quantitative signifi- 
cance in mammalian metabolism suspect. 


I 9 UU) . 


Relative specificities are listed in Table II (Blanchard, Green, Nocito and Ratner, 


TABLE II 


Amino Acid 

Relative Rate 

Amino Acid 

Relative Rate 

L- N-Methylleucine 

115 

DL-Phenylalanl ne 

45 

L- Leucine 

100 

L- Tryptophan 

4 o 

DL- a - And no capr oi c 

89 

DL-Valine 

as 

DL-Methi onine 

81 

L- Histidine 

9 

L- Prollne 

77 

DL-a - Amlnobutyri c 

3 

DL* Qf-Amlnovalerlc 

53 


Norleuclne, norvaline, tyrosine, cysteine, cystine, alanine, S- benzyl or ethylcysteine, 
homocysteine, S-benzylhomocysteine are also oxidized. Glycine, threonine, serine, 
N-dlmethylleuclne, a -amlnoisobutyrlc acid, and the dibasic and diaminoacids are not oxi- 
dized. 


The various inhibitor effects are summarized in Thble III (Blanchard, Green, Nocito 
and Ratner, 19^i4-). 
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TABLE III 


Inhibi tor 

Mol ari ty 

% Inhibition 

Comments 


0.012 

69 


NH4+ 

0.066 

96 


CuSOi^. 

0.001 


-SH inhibition 

lodoacetate * 

0.001 

71 

-SH inhibition 

Benzoate 

0.001 

13 

probably competitive 

KCN 

0.002 

0 


Capryl alcohol 

satd. 

0 



GLycine Dehydrogenase 

Batner, Nocito^ and Green (19^^) have partially purified an apoenzyme from pig kidney 
which, upon addition of flavin adenine dinucleotide, oxidizes glycine or sarcosine accord- 
ing to eqtuation (7)^ since the preparation contains excess catalase. 

The enzyme was prepared hy salt precipitation from an aqueous extract of acetone pow- 
der. No quantitative information is given to enable calculation of yield, activity per 
weight of tissue, or protein content of the final preparation. However, the fiml prepara- 
tion represents an activity such that the acetone powder should oxidize at least 5 micro- 
moles of glycine per gram of powder per hour. As mentioned, the enzyme is resolved during 
the isolation, and activity can only he restored hy flavin adenine dinucleotide (it is not 
stated whether flavin monophosphate was tested) . While the preparation contained D- ami no 
acid dehydrogenase, the identity of the two enzymes has been excluded hy differences in the 
conditions of dissociation of the prosthetic group. 

The enzyme is not affected in 5 minutes at 55^, hut is 75^ destroyed in 5 minutes at 
60 ^. It has optimum activity at pH 8.3 and one-eighth activity at pH 7*0. The half- 
velocity substrate concentration is approximately O.OU M. It has been found in the kidney 
and liver of all einimals tested (cat, dog, lamb, ox, rat, pig, human, rabbit) except- rat 
kidney. 

Inhibitor studies are summarized in Table V (Batner, Nocito and Green, 19^^). 

TABLE IV 


Inhibitor 

Mol ari ty 

% Inhibition 

Comments 

lodoacetate 

0.01 

50 

-SH 

sensitive 

tt 

0.001 

0 



CuSOi^ 

0.001 

100 

ff 

tl 

If 

0.0002 

6^4- 

It 

If 

u 

0 . 0001 

57 

tt 

If 

NaF 

0.2 

0 



ZnSOi^ 

0.001 

0 



cir 

0.01 

0 



Sulfadiazine 

0.005 

0 



Capryl alcohol 

satd. 

0 




The enzyme does not attack N-dimethylglycine, phenylglycine, p-aminophenylglycine, 
creatine, or peptides of glycine. 
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P-Amlr.o Acid Dehydrogenase 

= active enty.« oata- 

vho leolated the a -keSaclLTmTln Sl^ra^ilL'eM 1 1-onstratad hy Krehs (1953), 

Of this studir (femhelm and Bernheim, 1955; Bernheim, BeXS^^d'ornL^f '’igtlf 
i.j.oea considerable interest with the rpquH- i-Viqi- j *jiJ-i.aspie, 193 o) ex- 

Investigated of all oxidative enzymes. While its phyaS^Scil ?“e°L*atlS°f 

^..s uMqmtous occurrence suggests that either D-amlno acids may be formed in the"*™— ’ n 

• ^®Selein and BrSmel (1959) prepared the purified apoenzyme from sheep kidnev in 1 ext 

iilw f-yme ulth BCl, and alternating^emoval STmpumies ruaLuf 

dS;1Uot'S“p1isth“?rgJ^u“^ Characterized ?h. flavr:5:i^ 

flavin binds 100,000 grams of the purified protein (Neaelein 
nd Bromel, 1939). Negelein and Bromel assume by analogy with other flavoproteins that the 
molecular wei^t of the pure protein is about 70,000, aS that their preparations ap- 
proiimately 70^ pure. The turaover number of the pure protein is estimated at about ^00 

by these authors, while Warburg and Christian (1938-) estimate the turnover to 
be l^hO per mole of flavin per minute. If the protein had a molecular weight of 100 000 
and zhe preparation were nearly 100^ pure^ the turnover numher of Negelein and Bromel 

would be 1,^00, or close to that obtained by Warburg. Assuming the l,hit-0 value to be cor- 
recu, the protein would he about 97^^ pure. 


Oi. interest is the demonstration that under anaerobic conditions only the flavin 
equivalent to the added protein is reduced concomitantly with the oxidation of amino acids 
indicating that the prosthetic group does not dissociate, and there is no formation of 
hydrogen peroxide (Negelein and Bromel, 1939)- Upon exposure of the reduced flavoprotein 
to oxygen, the flavin is reoxidized with the formation of hydrogen peroxide. This con- 

lirms the expectation that the flavin moiety is the primary oxidizing reagent in the re- 
action. 

Stadie and Zapp (19^5) have presented a theoretical treatment of the kinetics of co- 
enzyme linked reactions, and have found that D- amino acid dehydrogenase has identical af- 
finity within experimental error for the substrate (D- alanine) when the enzyme is in 
either the zvitter or anion forms, the respective values for Kg being 0.008? and 0-0092 M. 
Other estimates of Kg are 5, 6. 1-6. 6 M (Hellerman, Lindsay and Bovamick, 19^6; Keilin and 
Hartree, 1936). The K^iavin- protein order of 2.5 x 10'? M (Hellerman, Lindsay 

and Bovarnick, 19^6: Negelein and Bromel, 1939>’ Stadie and Zapp, 19^3)* Stadie and Zapp 
( 19 ^ 3 ) foimd that the flavoprotein may be treated as an acid with a pK of 7*9> so at pH 
7.9 s-nd 0.009 M alanine, the enzyme is half-dissociated as an acid, and both the forma are 
half- combined with the substrate. 


The specificity of the oxidation has been investigated in many laboratories. The most 
thorough study with the purified enzyme is that of Klein and Handler (19^1)- The major 
criticism of their summary is that the relative specificity was determined by allowing the 
reaction to come to a halt and calculating the amount of amino acid oxidized at this point. 
Thus, the values obtained represent the rate of oxidation during the time before conplete 
inactivation of the enzyme. Assuming the enzyme to be inactivated at the same rate, re- 
gardless of substrate, the values become true relative rates of oxidation, but this assump- 
tion is doubtful ( cf # Edlbacher below). -Further, the different substrates were not added 
in the same concentration. However, the data give a clear pictixre of the amino acids at- 
tacked and a rough estimate of their relative effectiveness as substrates. The tabulated 
data were recalculated to give a relative picture in terms of quantity of amino acid oxi- 
dized (D-eO-anine = 100) rather than the percentage of added amino acid oxidized, as pre- 
sented in the original paper (Klein and Handler, 19^1)* 
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TABLE V 


Amino Acid 

Relative Oxidn. 

Amino Acid 

Relative Oxidn. 

D- Alanine 

100 

DL - P he ny Ig ly c i ne 

11 

DL-a -Aminobuty ri c 

81 

DL - Tryptophan 

10 

D-Valine 

76 

D-Hlstidine 

8 

DL-Norvaline 

75 

DL-Serine 

8 

D- Isoleucine 

69 

DL- Arginine i 

8 

DL-Norleucine 

68 

L- Threonine 


DL-Proline 

64 

DL-Glutamic 

0 

D- Leucine 

64 

DL- Lysine 

0 

DL-Methionine 

58 

DL- Pseudo leucine 

0 

D- Phenylalanine 

50 

DL- Cystine 

0 1 

DL- Tyro sine 

51 

Glycine 

0 

DL- Aspartic Acid 

17 

3 -Alanine 

0 

1 - A1 loth re oni ne 

13 

a - Aminoi sobuty ri c 

0 


Other investigators report the oxidation of a -amino p ^ y -dihydroxy butyric acid^ 
S-ethylcysteine, dihydroxyphenylalanine^ ornithine^ N-methylaianine, and pyrroline car- 
boxylic acid. N-methyl tyrosine, N-dimethylalanine, and 3 - hydroxy glutamic acid are not af- 
fected (Keilin and Hartree, 1936; Krebs, 1955a) . 

Edlbacher and Wiss {19^5a^ b; Edlbacher, Wiss and Walser, 19^6) note an anomalous 
stimulation of dilute solutions of the enzyme by various amino acids, especially histidine, 
by two proteins removed during the purification, or by HCN or pyrophosphate ( 0.001 M HCN 
increased the rate of breakdown of 0.02 M D-alanine by 1,5 ing, of the purified protein 100 
fold) . The action is suggestive of a protection against metal catalyzed -SH autooxidation, 
but the point has not been settled. 

The action of various inhibitors is summarized in Table VI. 


TABLE VI 


Inhibi tor 

Molarity 

% Inhibition 

Author 

Comments 

NaCl 

0.1 

25 

Krebs, 1955a 


ri 

1.0 

85 

If ft 


Capryl alcohol 

satd. 

0 

ti If 


NaCN 

0.1 

0 

tf ft 


Ethyl urethane 

0.57 

100 

Keilin and Hartree, 

1936 


fi If 

0.28 ' 

70 

ti tf If 


If ri 

0.14 

24 

It If It 


II M 

0.057 

12 

If tl ft 


Phenyl " 

0.003 

0 

If If If 


Pyrophosphate 

0.02 

0 

ff ft tf 


Sodium azide 

0.01 

0 

ff ff ft 

pH 7.8 

If If 

HpS 

0.002 

53 

ff ft ft 

ft tl ff 

pH 6.8 

inhibition by oxida- 
tion product - not in- 
hibitory anaerobic. 

Oxygen 


variable 

Bernheim, 1940 

oxidation of SH group. 

CuSOj^ 

0.00015 

100 

If M 

see below. 

Benzoic acid 

0 . 0001 

60 

( alanine) 

Klein and Kamln 

1941 

Varies with substrate. 
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TABLE VI (Continued) 



autoo»Sdatlon/St°io°al‘r“t“ombS^aMon7 

pnn^tim ^ auramnes compete with flavin adenine dinucleotide for 

-nzvmr f Lindsay and Bovarnick 1946). Using a crude preparation of the 
^ ' 'Quinine- protein calcixlated as ^. 6 - 8.9 x 10 "^^ as compared to a Kpi^_ 

protein 4. 6 - 6.9 x 10 " ' measured under the same conditions. 


J-Meibyl Amino Acid Dehydrogenase 

^ Mention should he made of an enzyme reported hy Ling and Tung* (1948) which oxidative- 
ly demei/hylates N-methyl amino acids to formaldehyde and the unsuhstltuted amino acid. The 
more detailed earlier papers were not available at this writing. However, it was stated 

uhat the enzyme has flavin adenine dinucleotide as the prosthetic group, so the reaction 
prohahly is: ^ 



+ E-CH-COOH + Op- 


E-CH-COOH + ECHO + HpOo 


NHCH 


5 


NIU 


The enzyme was reported to occur in the kidney and liver of various species, sind to attack 
many N-methyl L-amino acids ^ hut not N- dimethyl amino acids or derivatives of D- ami no 
acids* A partial purification of an acetone powder extract was reported, hut, if the above 
reaction is correct, the purified enzyme must contain catalase, since the amount of oxygen 
uptake reported was 0*5 to 0*6 that of the formaldehyde formed. 

A more critical evaluation of this unique and Interesting reaction must await detailed 
reports and independent confirmation. 

ANAEROBIC DEHYDROGENASE 

L-AMno Acid Dehydrogenase ( Proteus Vulgaris ) 

Bemhelm, Bemhelm, and Webster (1935) first noted the cyanide-sensitive oxidation of 
L-amino acids hy Proteus vulgar! a . Stumpf and Green (19^^) studied the reaction In cell- 


*Tung also appears in the literature as Tai-sel To and Tatuo Yosida. 
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free extracts. A young culture of the organism oxidizes 22 amino acids. Upon aging, the 
number is reduced to 11, all of which are claimed to he broken down by a single enzyme. 
The aged cells were subjected to ultra- sonic disintegration, and the supernatant after 
centrifuging 1 hour at 2600 g. was employed. Further centrifugation at 100,000 g for 23 
minutes brought down 58 ^ of the material. The intact ceils had a Qqo of* 10^^ cell- 

free extract 89 , and the material sedimentable at 100,000 g, 290. The enzyme is thus as- 
sociated with particulate material. 

The nature of the enzyme is not known, and the reaction is (7), no hydrogen peroxide 
being produced. It is destroyed 78 ^ at 55^ and 100^ at 60 ^, in 5 minutes exposure. The 
pH optimum is 6.8, Kg is O.OO 6 M, and the enzyme has a constant temperature coefficient 
from 50 to 50 ^. It reacts anaerobically with methylene blue. 

« 

The relative rates with various amino acids are summarized in Table VII (Stumpf and 
Green, 19^^)* 


TABLE VII 


Amino Acid 

Relative Rate 

Amino Acid 

Relative Rate 

DL-Norleucine 

100 

DL- Isoleucine 

Ik 

DL-Pheny lalani ne 

95 

DL- a - Ami nobuty r i c 

11 

L-Leucine 

84 

DL- Serine 

0 

L-iypotophan 

81 

L- Aspartic Acid 

0 

L- Methionine 

60 

L -Glutamic Acid 

0 

L-Tyrosine 

57 

DL- Alanine 

0 

*DL-a-Aminocaproic 

56 

DL- Valine 

0 

DL-Norvaline 

56 

L- Proline 

0 1 

* DL- a - Ami nova le r i c 

47 

DL- Threonine 

0 

L- Histidine 

51 

L-Omithine 

0 

* DL - a - Ami no cap ry 1 i c 

28 

L-Iysine 

0 

L- Argi nl ne 

a 8 

DL- Pheny Igly c i ne 

0 

*DL- a- Phenyl Ci-Aminobutyric 

25 

Glycine 

0 


The action of various inhibitors is summarized in Table VIII (Stumpf and Green, 19^^). 

TABLE VIII 


Inhibi tor 

Mol ari ty 

Percent Inhibition 

Comments 

As*- 

0.001 

100 

SH block (?) 

Cu'^'*' 

0.001 

62 

tr ti 


0.001 

100 

ft If 

Benzoate 

0.01 

0 


NaN^ 

CN"^ 

0.01 

0 


0 . 0055 

76 


CN" 

0.00053 

22 


AS05— 

F 

0.001 

0.01 

0 

0 


lodoacetate 

0.01 

0 


Capryl alcohol 


100 



* Obtained with aged cell suspension. Hemal nder obtained with ceil -free supernatant. 




256 


respiratory enzymes 




1955a) original 

of methylene blue, which Indloatertto’tL lo the presence 

the cytochrome system, and that the enzyme Itself traMfer°^*l^'^e effect on 

kidney Is In actuality a similar eLJL vSosfpre^red ;^?!^''" leydrogenase of rat 

oiygen and the failure to ehtaln-h^Tn^y^fJoT^rr^^S^lirc^Sn^torii; rfSptlnsd.) 

Baaed only on the ohservation of phenvlalflm* n#:» ovnr^Q-n^ 4 -^ 

occur in various microorganlsmB (stump? aS Gre?^? ^)? ’ believed to 

L-Glutamlc Dehydrogenase 


braln 1 Tglu?™??°aSf' ““ ebtaclced by 

^ ^ L-glutamic dehydrogenase was intensively studied L 

1 . ailer s group and Dewan (Adler, 1937 ; Adler, Das, v. Euler and Heyto” 19?7 AdleJ 

as and v. Euler^ 1957 j Adler Gunther and Everett 1958* Devan 10 "^8 • TTni L ^A^ ^ 

Steenhoff-Erlksen, 1937; v. Eiler, Adler, Gilnth^ and Si ^ 9 ? 8 5 . ’ “ 

action^is^ known pyridine nucleotide protein attacking an amino acid. The re- 


do) 


COOH 


(CHp) 


CHNHo 


COOH 


+ Pyr 



COOH 

I 

(CH2)2 + NH, 

I ^ 

c=o 

COOH 


+ Fyr H^ 


m plants and B. coll, diphosphopyridine nucleotide (DPN) is required; in yeast tri- 
phosphopyridine nucleotide (TPN); and the animal enzyme will utilize either coenzyme^ 
(Adler, Gunther and Everett, 1958; Mehler, Kbrnherg, Grisolia and Ochoa, 19^7). 

The usual preparation employed is an aqueous extract of liver acetone powder (Adler 
Das, V. Euler and Heyman, 1957; Dewan, 1938)- The reaction is reversible (Adler, I 937 )/ 
xhe Kg is about 7*5 x 10 M (Adler, 1957)^ and the optimum is pH 8 (yeast enzyme) (v* Eu- 
ler, Adler and Steenhoff-Eriksen, 1957)* The enzyme is inhibited lOO^t by 0*0005 M 
p-chloromercuri benzoate or 0*001 M 3 “amino ^-hydroxyphenyldichlorarsine, and therefore has 
SH groups essential for activity (Singer and Barron, 1945). Various dl carboxylic acids 
competitively inhibit (asparate inhibits 55^^ at 0.06 M) (v. Euler. Adler. Gunther and Daa, 

1958 ). 


The equilibrium constant for reaction (lO) as written depends ‘on the pH, becoming 
higher at higher pH values. For example, K - 1 x 10"5 at pH 8.05, or 5 x 10”^ at pH 6.05* 
In the absence of any system oxidizing reduced DPN, the reaction favored would be the re- 
- ductive amination of a-ketoglutaric acid (v. Euler, Adler, Gunther and Das, 1938). 

Since the protein has not been obtained in a pure form, little more Is known about 
the enzyme except that it is specific to L- glutamic acid. 


MONOAMINE OXIDASE 

(Amine dehydrogenase, Tyramine oxidase, Amine oxidase) 

Monoamine oxldase(s) catalyzes the following general reaction (Hare, I 928 ; Pugh and 

Quastel, 1957; Philpot, 1957): 
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ECH2NE2 + O2 ► BCE = NH ^ B2O2 


RCH = NE + B2O ► BCEO NEj 

The reaction is usually followed by measuring O2 uptake although NB^ formation may al- 
so he determined. In the presence of aldehyde fixatives the aldetiyde yield is practically 
quantitative (Richter^ 1957) J in the absence of these, a dismutation occurs to^ield the 
corresponding acid and alcohol (Pugh and Quastel, 1937; Philpot, 1937; Richter^ 1937)* The 
manometric estimation is usually carried out in the presence of cyanide to which the sys- 
tem is insensitive. Surprisingly little progress has been made in purification of this 
enzyme system. 

The substrate specificity has been studied by a number of investigators (Richter, 

1937; Kohn, 1937; Blaschko, Richter and Schlossmann, 1937; Ehagvat, Blaschko and Richter, 
1959; Beyer, 19^1; Alles and Eeegaard, 19^3; Snyder, Goetze and Oberst, 19^6; Snyder and 
Oberst, 19^6). Blaschko, Richter and Schlossmann (1937) presented strong evidence to sup- 
port the view that the previously reported tyramine oxidase (Ears, 1920; Phllpot, 1937; 
Bernheim, 1931) epinephrine oxidase (Blaschko, Richter and Schlossmann, 1937a) and alipha- 
tic amine oxidase (Pugh and Quastel, 1937) were one and the same enzyme. Thus the differ- 
ent amine oxidases were shown to be similar in respect to 


1) the chemical reactions catalyzed 

2) their distribution in the animal kingdom 

3) the effect of inhibitors 

the competition between the substrates 

Eowever, more recently, Alles and Eeegaard (19^3) using purified liver preparations from 
different species have reported that their data, in addition to that of others, make it 
questionable that a single enzyme is involved. 

The effect of chemical structure on reactivity of amines may be summarized as follows 
(Blaschko, Richter and Schlossmann, 1937; Alles and Eeegaard, 19^3; Eartung, 19^6; Beyer 
and Morrison, 19^5)* 



Secondary methylamines of the type R-CE2 NECBj including eplne 
phrine, are oxidized to form methylamine in place of ammonia; 
tertiary amines, RCE2“N(C^)2, such as hordenine, react more 
slowly to form dimethyl amine. 


2. Aliphatic amines are deamlnated more rapidly as the hydrocarbon 
chain is lengthened; branched chain compounds of the type 
RR CECE2NH2 react more slowly than the straight chain isomers. 


3. Secondary carbinamines of the type RR CE NEo are completely in- 
active, but inhibit mono amine oxidase activity. 



Diamines of the type NE2 - (CE2 )y - NE 2 


are not oxidized. 


5. Substitution of the benzene ring in phenyl e thy lamine results in 
slight to marked changes in deamination rate by monoamine oxi- 
dase, depending on the nature and position of the substituent 
group . 


A comparative study of the oxidation of a series of amines by liver preparations from 
different species is shown in Table IX. Kinetics (Alles and Eeegaard, 19^3) and inhibitor 
specificity (Eeegaard and Alles, 19^3) of monoamine oxidase systems have been studied. 
Constants for enzyme- substrate compounds are shown in Table X, calculated from the Michael! 
and Menten equation (I9I3) according to Lineweaver and Burk (1954). 
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table IX 


Oxidation; Maximum Oxidation Batea (Per Cent) 
Relative to Phenethylamine (Alles and Heegaard. msl 


At 50° with 0.008 M amine substrates in pho.jphate bu 


- . er 


pH 


Ethylamlne 

Butyiamine 

Anrylamlne 

V 

Hexylamine 

‘ ••••• 

Heptylamlne 

Benzyl amine 
Phenethylamine 

Phenpropylamine ’I '' 

Ph en 0 1 ha no la ml ne 

Phenethylmethylamine 

J-Hydroxyphenethylamlne 

4-Hydroxyphenethylamine (tyramine) 
^-Hydroxyphenethylmethylamine 
L-Ifydroxyphenethanolme thy 1 ami ne 

(synephrine) 

4 - droxyphene thy Idl me thy lami ne 

(hordenlne) 

5 , ^-Dihy droxyphene thy lamine 
( hy d roxy ty rami ne ) 

5 • ^-Dlhydroxyphenethylmethylamine 
(epinlne) 

5 , ^ “ Di hy dr oxyphene thanol ami i le 
{ arterenol) 

5, 4- Dihy droxyphene thanolmethylamine 

( DL- epinephrine'. 

1-5, ^“Plhydroxyphenethanolmethyiamine 
(epinephrine) 


Habbi t 

1 Guinea pig 

1 La tile 



-- - _x ^ 


1 ^ 

0 » 

to 

1 I 

4 1 

i i 0 

I 14 1 

1 ^ ^ 

^ A. 1 



0 1 C - - 

iio 


^ ► 1 1 ^ 


i J 

- 1 i ' “ 

100 

i j 

1 1 ^ 

110 

5 " 

1 * ' 1 ' 1*' 

1 .. 1 4k ' - 

50 


1 ‘ 1 

lot 

1 ?■'.) 

1 ^ 1 

70 

190 

4. i ' 

90 

POO 

- 1 ' ' 

65 

1^-' i 

1 ^ * 1 1 

25 

70 

1 ‘ 1 

50 

iO 1 

4* 1 1 

65 


^ 1 1 

^5 


1 ll 

* ' 1 1 


^ " 1 

2' 1 j 

it 

* ^ 1 

2.^ 1 z 1 

25 

* ^ 1 

• 1^1 
•“ 1 i 1 


TABLE X 


Constants for Enzyme^Subat ra te Conpounda 

(Alles and Heegaard, 1943) 


Substrate 

1 

K, 

1 

V 

^max . 

Any land ne 

I??.) 

0.0 pi 

Hexylamine 

130;'' 

0.017 

Heptylamlne . 

750 

0.011 

Octylamine 


0 . 0'"'9 

Phenethylamine 

isso 

0.022 

Phenpropylamine 

ZIO 

0.019 

Phenhutylamlne 

520 

0.010 

Phenanylamine . . 

a'^o 1 

0.006 

Phenethylamine 

1000 

0.022 

Phenethylmethylamine 

^800 

O.C2t 

4-Hydroxyphenethylamine ..... 

670 

0.056 

5 , 4 -Dihydro xyphenethy lamina 

5t3 

0.088 


M 


0 . 

0 . 24 

2 . 00064 

0. or'it 

0.0050 

0.00062 

0.00026 

0.0015 

0.0029 


mi^roilters O2 
per i'S Rln. 

11? 

100 

120 

56 

26 

25 


3 
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V = Vmax {S)/(Ka + (S)), or l/v = Kg/Vjj^y(S) + l/ v^n y where 

V = velocity 

S = substrate concentration 
Kg = dissociation constant of enzyme -substrate complex 
Vynax “ oxidation rate at infinite substrate concentration. 


TABLE XI 


Enzyme-Substrate and Enzyme-Inhibitor Constants (Heegaard and Alles, 1943) 


Substrate used in 
variable concentration 

Pheniso- 

propylamine 

concentration 

1 1 
V 

*max . 

1 

Ks ■ 

1 

V 

'^max. 

Ks 

Ki 

Ks Ks I 

Kl 






micro- 








liters 




M 




O2 per 

M 

M 






min. 



Anylamine 

0.0000 

0.025 

1650 


42 

0.00061 


If 

0.0020 

0.036 


600 

28 


0.0011 

tf 

0.0000 

0.025 

1650 


42 

0.00061 


ff 

0.0010 

0.023 


780 

42 


0.0009 

Phene thylamine 

0.0000 

0.025 

1560 


4o 

0 . 00074 


ff 

0.0200 

0.030 


950 

33 


0.047 

ff • 

0.0000 

0.031 

1450 


52 

0 . 00069 


ft 

0.0200 

0.037 


920 

27 


0.055 

4 - Bfydroxypbenetby land ne 

0.0000 

0.051 

720 


52 

0 . 0014 


ff 

0.00^0 

0.057 


380 

27 


0.0045 

5 , 4 -Dihydroxy phenethyl- 








amine 

0.0000 

0.042 

510 


24 

0.0020 



0.00i^0 

0.054 


250 

19 


0.0053 


In Table XI, enzyme -substrate and enzyme- inhibitor constants are shown for a series of 
amines using the Lineweaver and Burk (195^) equation: 




V 


max 






1 


V 


max 


The fair agreement between l/Vinax values for a given substrate with and without inhibitor 
establishes the competitive nat\ire of the inhibition. However, it should be noted that 
there are marked variations in values dependent upon the competitive substrate. Thus 
while phenylisopropylamine is one-third and one-fourth as potent an inhibitor in the pres- 
ence of tyramlne and hydroxy tyrami ne as for amylamlne, it is only of the order of one- 
thirtieth to one- fortieth as active for phenylethylamlne Inhibitors. A possible explana- 
tion for some of these deviations offered by Heegaard and Alles (19^5) is that several 
types of amine oxidases may be present in the preparations used. 

Studies of monoamine oxidase distribution (Blaschko, Richter and Schlossmann, 1937; 
Bhagvat, Blaschko and Richter, 1959; and Quastel, 1957a) revealed the enzyme to be 

present in all vertebrates and in many invertebrates. In all animals studied, liver, kid- 
ney and intestine showed the highest activity. The following organa were also active: 
pancreas, heart, lungs, spleen, brain, thyroid, testicle, uterus and adrenal. 
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these co^poe^drLi: cle 

duration of action, oral efficacy and S:cretln 1 ^yfr“:?i 3 “;‘[ 5 J 5 «-- 

DIAMINE OXIDASE 

(Histaminase, Diamine dehydrogenase) 

Diamine oxidase catalyzes the following general reaction: 


RCBKHg 


0 


ECH = NH + 


H 2 O 2 


ECH = NH + H 2 O 


ECHO 


NH. 


5 


oxva,uj.uij. 01 -nisu 8 jiii.n 6 bv a, thannolalDil© ■Pftf't’nT ■in iTinrp o-r>A 4.^ 

sues was first reported hv Bpcst nQOQ^ rrv, w^muiaoiie lactor in lung and other tls- 

Best and McHenrv Mo^n) ^7 ii histaminase was given to this enzyme hy 

( 1958 a) indicated that one and the same enzyme was involved which led him to Sve the name 

Ihe system. Similar result^ were reported hy Felix and Zorn ( 1959 ) at 
approximately the same time. While Zeller in particular has been the chief proponent o- 
the identity of histaminase and diamine oxidase, Kapeller-Adler (19^4) has questioned this 
on the basis of comparative oxidation rates with histamine and cadaverlne by human serum 
and placental tissue preparations. More recently, Kapeller-Adler (1946) has reported in a 
note that partially purified diamine oxidase preparations when dialyzed show a decreased 
activity with histamine, while the activity with cadaverlne, putrescine and agmatine is 
increased. Interesti^y enough, an acetone extract of partially purified enzyme reversed 
both the effects of dialysis. It thus appears that there may exist a specific histaminase 

in addition to the diamine oxidase system. A review of the diamine oxidase system has 
iDeen published by Zeller {19k2) . 


Thirteen different diamines have been shown to be oxidized by the diamine oxidase sys- 
tem (Table XII)# The enzyme is widely distributed in many animal species (Zeller, I 9 U 2 ; 

TABLE XII 

Specificity of Diamine oxidase (Zeller, 1942) 


Ethy lenedi amine 
Tr Imet by lenedi amine 
Putrescine 
Cadaverlne 
Spermidine 


Spermidine homologs 


Spermine 

Agmatine 

Histamine 


H 2 N( CH 2 ) 2 NH 2 
H 2 N( CH 2 )jNH 2 
H 2 N( CH 2 )kNH 2 
H2N(C%)5NH2 
NH2( C]fe jjNHC CH)l4.NH2 
NH2( CH2)3NH( CH2)3NH2 
NH2( CH2)3NH( CH2)5NH2 
NH2 ( CE 2 )4 NH( C^ )kNH2 


NH2( CH2)4NH1|( CH2)5NH2 
NH2( CH2)3NH( CH2)3NH2 
NH 2 ( CH2 )3 NH( CH 2 )4NH( CBq NH 2 
NH 2 C( NH) NH 2 ( CEfe )l^ NH 2 



HC CH 
\/ 




Zeller, Blrkhauseir, Mislln and Wenk, 1959 > Zeller, 1941; Zeller and Joel, 1941). bmctarlm 
(Werle, 1941; Gale, 1942; Franke and Schillinger, 1944; Eoulet and Zeller, 1945) and plants 
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(Croinwell, 1943)* animals, kidney, intestine and liver have the highest activity. Of 

interest is the finding that there is a marked increase in diamine oxidase activity of 
human plasma during pregnancy which falls off abruptly post-partum (Kapeller- Adler, 1944; 
Zeller, 194O; Ahlmark, 1944; Anrep, Barsoum, and Ibrahim, 1947)* This has been associated 
with a high activity of placental tissue. 

Pig kidney has been the chief source of starting material for purification procedures. 
McHenry and Gavin (1932) early found that partially purified preparations yielded 1 mol. of 
from the terminal amino group of histamine. Stephenson (1943) using partially purified 
preparations reported indirect evidence for the formation of H2O2 during the course of the 
reaction confirming the findings of Zeller (1940a), and also demonstrated that approximate- 
ly 1 mol. of aldehyde is formed for each atom of oxygen consumed. Laskowski, Lemley and 
Keith (1945) succeeded in obtaining preparations of high activity with which one atom of 
oxygen was utilized and. 1 mol. of NHx produced for each mol. of histamine oxidized. 

Using an enzyme prepared by electrophoretic separation after .-salt fractionation, 

Swedin (1943a, 1943b) also found that the uptake of oxygen suddenly decreases when one atom 
per mol* of histamine has been consumed. Due to the presence of peroxidase activity in 
most of the preparations previously employed secondary oxidations may occur involving H2O2 

which will mask the initial deamination reaction. 

* 

Zeller, Stern and Wenk (194o) reported that diamine oxidase could be resolved into an 
apo- and coenzyme, the latter having the properties of a flavine. Swedin (1943a) in his 

electrophoretic studies observed that the enzyme activity migrated with a flavoprotein. In 

# 

a later paper (1944) he reported the reversible resolution of the enzyme. The possible 
role of a flavoprotein in this system is further suggested from the findings by Zeller 
(1938^) that dialyzed preparations of diamine oxidase- can be considerably activated by the 
addition of a heat-labile, non-dialyzable fraction of rat liver having a high dlaphorase 
activity. 

Diamine oxidase is reversibly and competitively inhibited by organic bases such as 
choline, guanidine and imidazole (Zeller, 1938b, 194la) . Of interest is the observation 
that thiamine strongly Inhibits diamine oxidase, having a higher affinity for the enzyme 
than histamine (Table XIII). Kidneys from thiamine deficient rats have a higher diamine 

TABLE XIII 

Michaelis Constants 
(Zeller, Schar, and Staehlin, 1939) 



% 

Putrescine 

0.0012 

Cadaverine 

0.00056 

Histamine 

0 . 00050 

Thiamine 

0.00025 


oxidase activity than normal because of this inhibitory effect. All the- carbonyl reagents 
so far tested reversibly inhibit diamine oxidase activity in low concentrations of the 
order of 10*5 M (Zeller, 1938b). Some of the reagents which have been studied are seml- 
carbazide, hydroxylamlne, potassium cyanide, phenylhydrazlne, etc. As a matter of fact, 
Zeller (1942) claims that the extraordinary sensitivity of diamine oxidase to low concen- 
trations of the carbonyl reagents can be used to identify the enzyme system. The possi- 
bility that an essential carbonyl group is present in diamine oxidase is suggested from 
these inhibitor studies. 


TRANSAMINASES 


Braunstein and Kritzmann (1937^^ ^5 Krltzmann, 1938a) discovered a reaction involving 
the non-oxldative transfer of the amino group of an amino acid to an u^ketoacid, the 
originally discovered reaction involving glutamic acid and pymivate. They stated the trans- 
fer occurred with ar^r a -amino acid to a-ketoglutaric or oxalacetlc acids. Later work of 
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^ referred to in this discussion as the L-glutamic-oxalacetic and 
le-giutaMc-pyruvic transaminases, respectively. The equilibrium constants for the two re- 
actions are circa 3.5 and 1 respectively (Cohen, 19h0b, Green, Leloir and Nocito, 19 ^ 5 ). 
reaction (1^# slight activity is observed if oxalacetic acid is replaced by mesoxalic 
® cpyruvic acid. In reaction (2), activity can be demonstrated upon replace- 

JL ^ _ 


\ w ^ V/ WJ.4. X J-Ct 

ot pyruvic acid with Q-.<etobutyric and mesoxalic acids, but not by phenylpyruvic acid 
In reverse reaction, alanine is not replaceable by N-methyl alanine or D- alanine. 
L-Glutaalo acid is not replaceable (Green, Leloir and Nocito, 1945). 


The elucidation of pyridoxal phosphate as the coenzyme of the glutamic -oxalacetic 
tranaanlnaae (Llchstein, Gunsalus and Umbreit, 194-5) shortly followed the amazing intellec- 
tual tour de force of S n ell, who predicted the function from a consideration of the inter- 
conversion of pyridoxal and pyridoxamine (Schlenk and Snell, 1945; Snell, 1944, 1945). 
Schlenk and Fisher (194?) visualize the mechanism as follows: 
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111 Ilka naniiar^ tha aldehyde form of the coenzyme reacts with an amino acid to regenerate 
the original igrrldoxamine form, and produces the corresponding keto acid of the second 
aMno acid« 
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Both holoenzymes have been obtained in purified form by Green, Leloir ^d ifocito 
(1043) who employed ammonium sulfate fractionation of an aqueous extract of pig heart, 
followed by electrophoretic separation. The glutamic-oxalacetic transaminase has "O 
electrophoretic components, both active, and one component in the ultra^ntrifuge ( .5^ 

vield). The molecular weight is 60,000, and the turnover number 640. The glutamc- 
pyruvL transaminase was obtained yield) as a single electrophoretic and ultracen- 

trifugal component. With an assumed molecular weight of l80,000 (basis for the assumpt o 
not stated), ^the turnover number would be 8600. The high order of activity of the reac- 
tions in mammalian tissues can be seen from the estimate, based on the above data that 
the two transaminases constitute 1.6 and 0.12^, respectively, of the dry welg t o p g 

heart. 


O’Kane and Gunsalus (19^7a) obtained the glutamic-oxalacetic apoenzyme in greater 
than k.Vjo yield, and found the dissociation constant of the coenzyme -apoenzyme to he 1.;? 

X 10"6 (one-half maximum activity at 0.75 micrograms of pyridoxal phosphate per 

These authors (19i|-7h) also showed that Braunstein's "aspartic -alanine aminopherase" is an 

resulting from the combined action of the two transaminases with glutamic acid as 
a catalyst (the "coenzyme" of "aspartic aminopherase", Braunstein and Kritzmann, 19^5)* 


Transaminases have been demonstrated in many animal, plant, and bacterial cells 
( Albaum and Cohen, 19^3 J Cohen and Hekhuis, 19^1j Kritzmann, 1958^» Leonard and Burris, 
19i4-7; Lichstein and Cohen, 19^3). The mammalian enzymes have maximum activity at pH 7-5 
(contrasted to 8.6 in oat seedlings) (Albaum and Cohen, 19^3) ^ and a (glutamic-oxalace- 
tic enzyme, with both substrates In eQ^ual concentration) of 0*0l4 M (Cohen, 19^0b), and 

are SH sensitive. 


TRANSIMINASE 


Borsook and Dubnoff (1941) reported the conversion of cltrulline to arginine by a 
transi mi nation reaction involving glutamic acid and related compounds. The reaction was 
reported to be limited to kidney slices. Cohen and Hayano (1946) later showed that, 
aerobically, liver homogenates fortified with A.T.P., cytochrome C and magnesium ions in 
the presence of cltrulline and glutamic acid were highly active in catalyzing the synthesis 
of arginine. Later studies by Cohen and Hayano (1948) indicated that at least two enzyma- 
tic steps were Involved, one, a soluble enzyme concerned with the synthesis, and a second 
insoluble enzyme concerned with hydrogen transport and which includes the cytochrome sys- 
tem. However, Eatner (1947) reported that an extract of acetone dried beef liver catalyzes 
the anaerobic formation of arginine from cltrulline and aspartic acid. Aspartic acid, it 
is claimed, is specific for the reaction. Magnesium ions, phosphoglyceric acid and cata- 
lytic amounts of A.T.P. are necessaiy additions. In addition to arginine, a molar equiva- 
lent of malic is formed. The reaction is pictured as follows: 
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H H2 C COOH 


+ H2O 
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N - C - NHp 
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COOH 

I 

HOCH 

I 

H2 C COOH 


arginine 


malic acid 


It is suggested that the high energy phosphate role is that of phosphorylating the hydroxyl 
group of the isomeric form of cltrulline, in which case H^POi^ rather than H2O would be re- 
moved in the condensation. 
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m ei ther a leaulfbydraMon 
In the case of serine and 


characterized by an anaerobic deamination reaction resulting 

I remove of H 2 S) as in the case of cysteine or a dehydration 
threonine. 


Zerlne and Threonine Dehydrases 

threonine are ^aerobically deamlnated by bacteria (Gale and Stephen- 

Sprlnson^ 19^5) and animal tissues (Chargaff and Sprinson, 19 k 3 ; 
nx^ey , 19^5 j as follows : 


transthl olase vould appear to he a more appropriate name (Cohen^ 


19^5) • 
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(1) HOCHg CH COOH 

NHp 


-HgO 


CH, C COOH 

5 


+H2O 


CH2 = C COOH 
NH2 


CH3COCOOH + NH 


5 


NH 


(2) CHx CHOH CH COOH 

^ I 

NH2 


-H2O 


CH3 CH = C COOH 


ra2 


CH3CH2 C COOH 

II 

NH 


+H0O 


CH5 CH 2 CO COOH 


NI^ 


Eeplacement of the .hydroxyl hydrogen atom prevents deamination (Chargaff and Sprinson, 
1^45). Dialyzed mammalian liver extracts are inactive in deaminating DL serine '.iJ.e3s 
divalent cations are added (Chargaff and Sprinson, 19^5; Binhley, 19^3)* A preliminaiy 
report hy Binkley (19^5) suggests that serine dehydrase, cysteine desiilfhydrase and 
enolase may be closely related as judged by mutual inhibition of the substrates- 

Cysteine Desulfhydrase 

Fromageot, Vookey and Chaix (1959) first described an enzyme in dog livers which pro- 
duced HpS from L cysteine which they originally named desulfurase and later renamed 
desulfhydrase in accordance with the suggestion of Smythe ( 19^^ ) • The desulfhydrase sys 
tern catalyzes reaction (1) according to Fromageot et al. (1939) and reaction (2) according 

to Smythe (19^2). 

(1) 3 SHCH2CHNH2COOH (SCH2CHNH2C00H)2 + H2S + OB^CmE^COOE 

(2) SHCH2CHNH2COOH ^ GH3CQCQOH + H2S + NH, 

Eeactlon (1) takes place with aqueous extracts of acetone-treated tissue preparations while 
reaction (2) is observed with more purified preparations and lower cysteine concentrations. 
Apparently amino acrylic acid is formed as an intermediate in the reaction after removal 
of H S and may give rise to the endproducts of reactions (l) and (2) in the following 

manner: 


(3) CH3C(NH=)C00H 2 SHCH 2 CHNH 2 GOOH ► (SCH2CHNH2C00H)2 + C:^CHNH2C00E 

{k) ch3C(nh=)cooh H20 ^z:=rc ^ cocoon + NH3 


Cystine also forms H2S with this enzyme (Smythe^ 19^2). L homocysteine yields small 
amounts of H2S and competitively inhibits in the presence of cysteine. Fromageot and 
Desnuelle (19^2) have reported different activity ratios for cysteine and homocysteine and 
consequently concluded that two independent enzymes may exist. Indirect evidence for the 
reversal of reaction (2) has been reported by Snythe and Halllday (19^2). 

In mammals^ the enzyme is chiefly found in liver with considerable variation in 
activity from one species to another. Smythe (19^2) gives the following relative activi- 
ties of livers from different species: rat^ 100; dog, 60; human, 50; beef, I8; rabbit, 5; 
pig, 5J guinea pig, 1. On a similar basis the relative activity of other rat tissues was 
as follows: kidney, 1; muscle, 1; and brain, 0. 

Cysteine desiilfhydrase has been reported to be present in Escherichia coli (Desnuelle 
and Fromageot, 1959) bakers^ and brewers’ yeast (Binkley, 19^5)* 
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AMIDE BOND SYNTHESIS (SYNTHETASES) 


1 -v. 4 - interest in the enzymatic synthesis of amide bonds stems from the -'act 

ITel o^t^^facJ^that III °l peptide-bond synthesis is all too inadequate. In 

^hat the synthesis of amide bonds in general represents endergonic reac- 

® ^ ^l!® ®®“® ol" formation, viz. 3000 calories, any 

information that can be gained from systems which catalyze the formation of amide-bonds 

FoUr elucidation of the mechanism of peptide-bond synthesis. 

Four systems dealing with amide-bond synthesis have been studied with cell-free prepara- 


(1) acetylation of aromatic amines 
( 2) glutamine- synthesis 

( 5 ) hippuric and p-aminohippuric acid synthesis 
(^) citrulline synthesis 


These reactions have in common the requirement for A.T.P. While the specific role of 
A#T#P. is not clear in these reactions^ it is highly probable that it is functioning to 
form a high energy phosphate derivative of one or more of the substances concerned, or of 
a substrate-coenzyme complex# Since the overall reactions are complex as regards the num- 
ber of enzymatic steps in the systems used, they will be discussed as overall reactions 
unless more detailed information is available- 

Acetylation of aromatic amines 


Lipmann (19^5) first succeeded in demonstrating acetylation of aromatic amines by 
liver homogenates and extracts of acetone -dried liver preparations. Pigeon liver vas 
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particularly active. The reaction takes place anaerohically if A.T.P. is added. Acetate 
was found to he twice as active as acetoacetate or pyruvate. However^ acetyl phosphate 
does not appear to he an intermediate since it is not active with this system. Of the 
aromatic amines, sulfanilamide was most actively acetylated followed hy p-amlnohenzoic 
acid, sulfthiazole and sulfadiazine. The enzyme system, which is soluble, is inactivated 
hy dialysis, hut reactivation results when hoiled liver juice is added. The active co- 
enzyme, called coenzyme A, for this system was later shown hy Liproann et al. (19^7) to 
contain pantothenic acid. Of interest is the finding that the same coenzyme is req^uired 
for the synthesis of the ester linkage in acetyl choline hy hrain extracts (Lipmann and 
Kaplan, 19^6). 

G-lutamine synthesis 

Speck (19^7) reported the synthesis of glutamine from glutamic acid and ammonia in 
extracts of acetone- dried pigeon liver. A.T.P. and magnesium ions are required and the 
reaction proceeds anaerobically. Cysteine accelerates the rate of the reaction. Inor- 
ganic phosphate is liberated from A.T.P. at a rate paralleling glutamine synthesis, hy- 
droxy lamine may he substituted for ammonia and the product of the reaction can then he 
measured as hydroxamic acid hy the method of Lipmann and Tuttle (19^5)* The reaction is 
inhibited hy 10“^ M sodium fluoride. 


Two independent studies conducted simultaneously with that of Speck were reported hy 
Bujard and Leuthardt (19^7) and Leuthardt and Bujard (19^7) and Elliott (19^)' The former 
investigators demonstrated the synthesis of glutamine in liver homogenates of rat and 
guinea pig liver from glutamic acid and ammonia and showed the dependence of the reaction 
on A.T.P. and magnesium ions. Elliott reported the synthesis of glutamine using extracts 
of acetone-dried gray matter of sheep's hrain and also showed the requirement for A.T.P. 
and magnesium ions. Further, Elliott showed, using an enzyme preparation free of ATPase, 
that in the presence of hydroxy land ne the formation of hydroxamic acid is equivalent to 
the liberation of inorganic phosphate from A.T.P. The glutamine synthetase was also 
demonstrated in cell- free extracts of Staphylococcus -Aureus. Further details of these 
studies were reported hy Elliott (19^a, h) . 


Hippuric and p-aminohippuric acid synthesis 

Liver and kidney contain an enzyme system which is capable of synthesizing hippuric 
acid from benzoic acid and glycine (Borsook and Duhnoff, I9L0) and p-aminohippuric acid 
from p-aminohenzoic acid and glycine (Cohen and McGilvery, 19^6). The synthesis of both 
compounds takes place with the same enzyme system since benzoic acid competitively in- 
hibits the synthesis of p-aminohippuric acid (Unpublished studies, Cohen and McGilvery, 
I5L7). The synthesis of p-amino hippuric acid hy rat liver homogenates was first reported 
hy Cohen and McGilvery (19L7a) who showed that in the presence of A.T.P. an appreciable 
anaerobic synthesis could he realized. At about the same time, Borsook and Duhnoff ( 19^7a) 
reported that the addition of adenylic acid to guinea pig liver homogenates considerably 
enhanced the aerobic synthesis of hippuric acid. A detailed study of p-aminohippuric syn- 
thesis hy rat liver homogenates (Cohen and McGilvery, 19^7) revealed the optimum condi- 
tions for this system. Thus the formation of p-aminohippuric acid was stimulated hy the 
addition of potassium and magnesium ions, cytochrome C, and metabolites of the citric 
acid cycle. Of considerable Interest was the finding that fumarate at 2.5 x 10'5 m con- 
centration eliminated a marked dilution effect in addition to maintaining the optimum rate 
of the reaction for a longer time. Further studies hy Cohen and McGilvery (19L7h) showed 
that the enzyme system forming p-aminohippuric acid (and hippuric acid) was exclusively 
associated with the large insoluble particles of the rat liver and kidney cell. The enzyme 
preparation is unusually sensitive to hypo- or hypertonic salt solutions, freezing and 
acetone drying. Adenylic acid cannot replace A.T.P. in the absence ot an oxidizable sub- 
strate. The enzyme system is highly specific for hippuric or p-amlnohippuric acid syn- 
thesis since glycine cannot be replaced by any one of a large series of amino acids, and 
peptides investigated (Cohen and McGilvery, unpublished studies). Of interest in this 
connection was the finding that .N-phospho-glycine was not significantly active in this 
system. Hippuric acid synthetase would appear to be the most descriptive name for this 

system. 
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respiratory enzymes 



sa 


U3 


Bacterial decarboxylases 
.• 19 ^ 5 ; 


Baddiley and Phosphate as coenzyme (Umbreit 




a«na.e ccenayme 

o-' V -oii Cir^ j n Gunsalua and Umbreit, 19^5) and 

:>- (Wood, Gunsalus and Umbreit, 1947). 


functioning in the trans- 
in the tiyptophanase system 


fectef and oodecarto^lase has been af- 

-spps (1914) and Umbreit, Bellany and Gunsalus (IQh^l-”^" (I9hh); tyrosine, 

unsuccessful attempts to dissociate the> >,! ’ Taylor and Gale (I945). The 

led to the suggestion that this entyme Is Lvo' ‘'S'*?’ 

umTsiiTz s::rriSs: -u and histidm. 

hoxylatlon of glnta.^' acid aS sSS^nff Jb T • ' " The dee.? 

ensyme preparation previous to deoarboivlatiool'^- converted to anmonlua glutanate by the 

sodlun, dodeeyl sulfate inhlMted the Lo??WUt??? ?- ?,f? detergent, 

DECARBOXYLASES OF ANIMAL ORIGIN 

as thf LSeS^^Szyiif l^idr°Si^doL^?rvi''f investigated with as much success 

?1h: “^1" l-‘-=es the charactertzatlon 


e 


rather than chemical methods. The subject 
fhe 1. oil owing amino acids have been re- 
histidine, tryptophane, tyrosine, dopa, 
to kidney and liver. The role of a co- 


of the endproduct amine has involved biological 
has been reviewed recently by Blaschko (I9h5), 
ported to be decarboxylated by animal tissues: 
and cysteic acid. Activity is chiefly confined „v. .uu.otiic,y 

LelolJ established for these enzyme systems. However, Green, Nocito and 

doxal phosphate in addition to cysteine or glutathione. Of interest is tS SSS tSJ 

arhvdiSine'^h?d?r'^/®^^"'^°'^^^®®V'^®^"’°"^^^ inhibited by the ketone reagent^ such 
. ^ ^ ^ xylamine, semicarbazide, etc. The bacterial and plant amino acid decar- 

boxylases are similarly inhibited indicating that both systems have a carbonyl group in 
common, in all probability the aldehyde group of pyridoxal. 


TABLE XV 


Comparison of Animal and Bacterial Decarboxylases on Different 
nydroxyphenylalanine Compounds. (Blaschko and Stanley, 1948) 


Enzyme source 

Tyrosine 

met a 

tyrosine 

Substrates 

3:4 dihydroxyl 
phenylalanine 

1 

2: 5 dihydroxy 
phenylalanine 

Guinea pig kidney 

- 

■h 

■#- 


Strep, faecalis ; 


- 

+ 

1 

— 




NITROGEN METABOLISM 


While hacterial tyrosine decarboxylase (from Strep , faecalis ) also reacts vrith 
dihydro xyphenylalanine, animal dopa decarboxylase does not decarboxylate tyrosine. Recent 
studies by Blaschko and Stanley (I9W) indicate that the mammalian enzyme requires the 
presence of an hydroxyl group in the meta position while the bacterial enzyme reqxiires it 
in the para position. Thus both meta -tyrosine and 2:5 dihydroxyphenylalanlne are decar- 
boxylated by animal dopa decarboxylase but not by bacterial enzyme preparations. Of in- 
terest is the observation that meta -tyrosine is oxidized by ophio-oxidase of cobra venom 
and pig kidney d- amino acid oxidase. A comparison of animal and bacterial decarboxylase 
activity on different hydroxyphenylalanine compounds is shown in Table XV. 


DECARBOXYLASES OF PLANT ORIGIN 


The decarboxylation of glutamic acid by higher plants w-as studied by Schales, Mims 
and Schales (19^6) and Schales and Schales (19^6a). Of a large series of plants investi- 
gated, squash, avacado and green pepper were found to be particularly active. Carrots 
provided a convenient source for study of the system. Carrot extracts become inactive 
when dialyzed but ‘ can be reactivated by the addition of pyrldoxal phosphate. Thus the 
same prosthetic group appears to be functioning in both the bacterial and plant and possi- 
bly the animal decarboxylases. 


MISCELLANEOUS 


Histidase 


Eistidase is a hydrolytic enzyme which catalyzes the rupture of the imidazole ring to 


give rise to glutamic acid, ammonia and formic acid. The enzyme is found only in verte- 
brate liver. A recent investigation on purified histidase has been reported by Walker and 
Schmidt (19^^) and includes a complete bibliography of previous studies. Walker and 
Schmidt present evidence for the formation of Q! -formamidino glutamic acid as an intermedi- 
ate in the histidase reaction. 


Arginase 

Arginase catalyzes the hydrolysis of arginine to ornithine plus urea. Its role in 
the urea cycle of Krebs and Henseleit (1952) is well known. Recent studies on purifica- 
tion include those of Richards and Hellerman (194o), Hunter and Downs (1944), Mohamad and 
Greenberg (1945), Greenberg and Mohamed (1945) and Bach (1946). Bach obtained crystalline 
material of high activity. Of interest was his finding that the purest fractions did not 
require activation by divalent cations. 

Glutaminase 


Glutaminase catalyzes the hydrolysis of the amide, glutamine. More recent studies 
following the original investigation of Krebs (1955a) are those of Archibald (1944) and 
Krebs (1948). Krebs (1948) has found that washed cultures of Clostridium welchii , strain 
SR12 have a highly specific glutaminase which is active at pH 4 . 9 . 
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INTRODUCTION 


and the ondergonlo reactions aasoclated olth reactions of carbohydrate metabolism 

The equation for muscle glycolyf 1 s f ” i'w ^"waTwmtS 


G-ly cogen 


2 lactic acid 


laSd'^faSlT attempts to elucidate the Intermediate steps In this postu- 

® ®^®^gy coupling mechanism. This mechanism was discovered accidentallv and 
even then its importance was not at first recognized. scoverea accidentally, and 

At present, mch effort is being devoted to investigation of metabolic energy coupl- 

WolveJ^Si^“^' ^if°;jssion of the basic nature of these mechanisms, and of thf factors 
I energy metabolism, is therefore appropriate. The material to be presented 

ea primarily with coupling mechanisms, but energy conversion (eg utilization of 

8oysrnlT.n:w's?flc;s“crser. 

a n control mechanisms, and other related topics will receive attention. 


FUNDAMENTAL RELATIONSHIPS 

"^ie^^eeing energy transfer in biological systems, we will review briefly a few 
of the basic concepts of energy change in chemical reactions. In the reaction 

A + B ^ n i- D 


K (C) (D) 

(A) (B) 

where K is "the eq.ullihriui)i constant and the concentrations of the reactants are those at 
® The change in the free energy content of the system (^F) occurring when the 
reaction takes place is always negative if the reaction proceeds spontaneously from left 
to right; that is^ any chemical reaction whatever^ occurring at a measurable velocity, re- 
sults in a decrease in the free energy content of the universe. Quantitatively, the free 
energy change in the standard state, when all reactants are present at unit roncentratlon**, 

13 


- A = BT In K 


The term ”exergonic” is descriptive of a reaction which proceeds spontaneously from left 
to right as written, and the term "endergonic" is descriptive of a reaction that pro- 
ceeds spontaneously in the reverse direction, or from right to left, ifydrolysis of 
sucrose in aqueous solution is exergonic; decomposition of water into hydrogen and oxy- 
gen is highly endergonic. 

Unit concentration may be considered to be molal for dissolved solids or liquids, one 
atmosphere for gases, and unity for water in dilute aqueous solutions. It should be 
noted that a liquid in equilibrium with a gas at one atmosphere can be considered to 
have dissolved in it unit concentration of the gas, since at equilibrium the solution 
reaction has zero free energy change. For accuracy, activities rather than concentra- 
tions should be considered, but because most biological reactant concentrations are low, 
the use of concentrations will not introduce a large error. 
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or, at 25 °C. , 


- A = 1570 logngK calories per mole. 


At any concentration of reactants 


AF 


A F° 


+ RT In 


ic] 

(A) 


121 

(B) 


or, at 25 °C., 


A F = F° + 1570 log 


iCj (D) 

10 (A) (B) 


calories per mole 


or 


- A F = 1370 


logioK - log 


(C) (D) 

10 (A) (B) 


It will be noted that at equilibrium reactant concentration^ the two terms of the above 
expression are equal and of opposite sign; hence^ at equilibrium, where the reaction vel- 
ocity reaches zero, the free energy change is also zero. It is also obvious that in re- 
actions proceeding under conditions remote from those of equilibrium, the decrease in free 
energy brought about by the reaction is relatively large. 

A few examples will illustrate the points brought out above. 

( 1 ) How completely will hydrogen be oxidized by atmospheric oxygen? The standard 
free energy (-AF^) for the reaction between hydrogen and oxygen to produce water is 56,560 
calories per mole of water. 


At equilibrium at 25 ^ 


2 0^ — 2 H 2 O 


1570 log 


(Hg)^ (O2) 


= 2 X 56,560 


At equilibrium in aqueous solution, in the presence of 0.2 atmospheres of Op 


1570 log 



115 , 120 


(Hp) = 1*1 X 10"^^ atmospheres. 

In this very exergonic reaction, the hydrogen pressure at equilibrium woiild be so 
low that the reverse reaction could not be demonstrated experimentally. 

(2) If catalytic hydrolysis of 0.1 M ethyl acetate is 99 ?^ complete in dilute aqueous 
solution, what is A 1 ^? Since the water concentration remains at \mity during the re- 
action, this reactant can be neglected, and 


- AF^ = 1570 log K 


- A = 1370 log 


(AcOH) (Eton) 

(EtOAc) 
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or. approximately, 

- A = 1370 loff (Q» 099 ) (0.099) 

“ ( 0 . 001 ) 


- A = 



calories 


.r.ere 


Q 


* 


^ •- 

* tt ^ ^ 




ENERGY COUPLING IN CONSECUTIVE REACTIONS 

HCtic7 .''to^Liothe^^™p°t chemical bond energy directly from one 

.^..r^. tra.^^ er in ube above sense is the utilization of a part of the frL 
exe.gomc reaction to 'drive" a normally endergonic reaction. Consider two 




(Kj^ = 0 . 01 ; A F® = + 2 ^ 1-70 cal.) 
(Kg = 1000; AF® = ^110 cal.) 


^ 




^^*fiergoni e and viil proceed in the reverse direction (from right to left) 

of B is less than 1 % of the concentration of A* Eeaction (ll) is 

the right until the concentration of B is reduced to 
■* ,■'7" -cncsatration of C. If these two reactions proceed consecutively^ it may he 

-*a • e-».y tha^r reaction (ll) ■will tend to get rid of B as fast as it is formed by 

^ neld at a concentration sufficiently low, reaction (l) will pro- 
- _ -i ““ ^ i orvard dire^-,L*on* Ihe Quantitative relation will become apparent if we consider 


:z Ckjc. — 




— N 


aH 


C. 



= (2U70 - il-lio) = -1570 cal. 

Tr.us^ the over-all reaction will proceed until the concentration of C is ten times that of 
/•. . net result la that, effectively, the free energy of reaction (ll) has been trans- 

r erred to reaction (I), enabling it to proceed in a forward direction. 

.nls type of energy coupling between chemical reactions is the only one known to oc- 
cur In cio^ogical systems. It cannot be overemphasized that endergonic reactions, by 
definition, do not occur in biological systems or anywhere else. A reaction which is 
endergonic under usual concentration conditions may become exergonic if subsequent reac- 
tions remove one or more of the products sufficiently completely. When the concentration 
of a ctosqjound is^ known, however, meuiy reactions which might be postulated are automatical- 
ly ruled out. For example, the sucrose concentration in sugar cane juice is more than 
'-5 M. If the plant synthesizes sucrose by the reaction: glucose -f fructose = sucrose + 
water, we may reason that since for this reaction is probably in the neighborhood of 

calories, fantastically high monosaccharide concentrations and veiy low water con- 
centrations would be necessary to cause the synthesis to proceed. Hence, it becomes ex- 
tremely likely that this mechanism of synthesis is not the one used by the plant. 


PHOSPHORUS COMPOUNDS AS COMMON REACTANTS 


In order for an exergonic reaction to drive a normally endergonic one, it is neces- 
sary that the two reactions be consecutive, (the driven reaction occurring first) and that 
the two reactions have a common reactant. These requirements are sufficiently stringent 
that one might expect to encounter difficulties in explaining such phenomena as the utili- 
zation of the energy of oxidation of some single metabolite for driving the many ender- 
^oTklc reactions Involved in growth. One of the most elegant of the many ingenious mechan 
lams occurring in metabolism is the utilization of a single common reactant in a large 
number of reactions. This common reactant is adenosine triphosphate or sometimes another 
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high-energy phosphorus compound. Its synthesis from inorganic phosphate is endergoxiic at 
biological reactant concentrations. The general mechanism of synthesis of high-energy 
phosphate compounds may be expressed as follows : 

(l) Hypothetical driving reaction: AOH BOH (exergonic^ A negative) 

(II) Hypothetical driven reaction: ECH +• ^ POi^ RH2PQ1 + H2O (endergonlc, 

A positive) 


Actual mechanism: 

* 

(III) AOH + AH2PQi^ + H2O (endergonic) 

(IV) AH2P0^ ^ ^ BH2P0h (exergonic) 

f 

(V) BH2PQ^ + EQH ^ ^ BOH -t- EH2POi4. (slightly exergonic) 

Eeaction (IV) is identical with the postulated driving reaction (I) except that the phos- 
phorylated form of the metabolite undergoes the reaction. Eeaction (IV) maintains the 
concentration of AH2PO4 at a level sufficiently low to render reaction (III) exergonic^ 
^.e.^ to "drive" it. Since the sum of equations (III), (IV), and (V) is the same as the 
sum of equations (I) and (II), an observer able to analyze only for original reactants and 
final products might assume that reactions (I) and (II) actually occurred, and that energy 
coupling occurred by some occult means. A more critical observer would reason that reac- 
tion (II), being endergonic, could not possibly occur as written, and that reaction (I) 
could not possibly occur as written if it were to drive reaction (II), since no common 
reactant is present. (An Interesting related fact is that biochemists spent three decades 
trying to explain why yeast extracts refused to carry out alcoholic fermentation without 
"abnormal" accumulation of phosphate esters. Not once during this period was the neces- 
sity for reactants common to energy-yielding and energy- consuming reactions recognized.) 

A high-energy phosphate compound having a standard free energy of hydrolysis of 
-10,000 to -15,000 calories per mole may be used in a number of ways to drive reactions 
which are normally endergonic. Water may be removed in the synthesis of polysaccharides, 
amides, and esters by the following general mechanism: 

Hypothetical driving reaction: 

EH2P(\ + HgO ^ H^FOi^ ■»" EOH (exergonic) 

Hypothetical driven reaction: 

Bj_0E + E2OH Eji^ORg + H^O (endergonic) 


Actual mechanism: 


EH2PO4 + EjlOH:^ 


EOH + Ej_H2P04 (exergonic) 


Eq^H^PO^ E^OH H3PO4 ^ Ej^OE^ 


As in the previous example, neither the driving reaction nor the driven reaction actually 
occurs as written. 

Further discussion of utilization of phosphate bond energy will be given later, but 
the preceding will Illustrate the point that high-energy phosphorus compound's may serve 
as generally useful common reactants in energy coupling. As far as is known at present, 
thdse compounds constitute the general mechanism by means of which energy from metabolite 
oxidation or fermentation is made available for growth reactions. 
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Very little is known concerning the mechanism of the aerobic phosphorylation reac- ^ 
tions of animal metabolism. The recent work of Cross, Covo, Taggart, and Green (8) indi- 
cates that 1^4. moles of high-energy phosphate are produced when one mole of pyruvate is^ 
oxidized. Ogston and Smithies ( 5 ) calculate that A = - 27^^310 calories for oxidation 
of pyruvate by atmospheric oxygen. Correction to physiological values for pyruvate, oxy- 
gen, and carbon dioxide concentrations gives approximately - 279,000 calories. Reckoning 
16,700 calories as equivalent to one phosphorylation, I6 or 17 phosphorylations are pos- 
sible (at equilibrium, which of course does not occur). A value of 1 ^ is thus reasonable. 
Some of the implications of the acceptance of such a value will be discussed later. It is 
sufficient to mention here that each hydrogen pair, during its transport from a metabolite 
of the tricarboxylic acid cycle to oxygen, must be involved in phosphorylation reactions 
at two or three different stages. If l 4 moles of high-energy phosphate are produced by 
oxidation of one mole of pyruvate, 50 or more should be produced by oxidation of one mole 
of glucose. If the pyruvate is produced by the same mechanism as in glycolysis, the num- 
ber would be 30. If additional phosphorylation accompanies the oxidation of the reduced 
coenzyme arising from pyruvate production, the number would be greater than ^ 0 , 

% 

BIOLOGICAL UTILIZATION OF HIGH-ENERGY PHOSPHATES 

Since, apparently, the chief mechanism of energy coupling in metabolic systems in- 
volves synthesis of high-energy phosphate, it follows that most of the normally endergonic 
reactions involved in life processes must be made exergonic by mechanisms involving loss 
of high-energy phosphate. That is, a high energy phosphorus compound must be a reactant 
common to both the energy -yielding and the energy- consuming reaction. In a few cases, 
considerable information exists concerning the mechanism of this coupling. The synthesis 
of sucrose (9) will serve as a model of one type of coupling. 

Driven reaction (endergonic): 

Glucose + fructose sucrose + H2O (aF^ = +6000 cal.) 

Driving reaction (exergonic): 

ATP:^=^ADP 'K H,P 0 i^ (APO = -15,000 cal.) 

Actual mechanism: 

ATP + glucose glucose- 1 -phosphate + ADP (AF^ = -88OO cal.) 

Glucose-l-phosphate fructose 7 sucrose + HjPC^ ( AF^ = -*-1800) 

The free energy values are only estimates, because of the absence of data on the 
energy of hydrolysis of sucrose. It will be seen, however, that energy transfer is ac- 
complished by making glucose-l-phosphate the common reactant of two consecutive reactions 
which have a net negative free energy. Mechanisms of this type are apparently widely 
utilized in synthesis of polysaccharides, and perhaps in the synthesis of peptide linkages 
and in other condensation reactions involving the splitting out of water. Acyl phosphates 
may be the Intermediates in many cases. 

The mechanism of conversion of energy of phosphorylation to mechanical energy in mus- 
cle is currently the subject of intensive Investigation ( 10 , 11 ). Although details of the 
mechanism are unknown, it is clear that ATP reacts with actomyosin, and that energy of 
phosphorylation is utilized in converting the contracted form of this muscle protein com- 
plex into its extended form. 

The mechanism of conversion of phosphoiylation energy into osmotic energy is far from 
clear. It is not difficult to envisage mechanisms by means of which metabolites may be 
caused, by the expenditure of energy of phosphoiylation, to move against a concentration 
gradient, but the actual mechanisms in use by organisms are thus far unknown. As an ex- 
ample of the general type of mechanism that may be employed, the following series of 
events may be postulated: On the left side of a membrane impermeable to glucose but 
permeable to glucose- 6-phosphate, glucose reacts with ATP, yielding glucose-6-phosphate 
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Beohanlam, ATP/aDP ratios «U1 pSoess^wlli%lien proceed 

those corresponding to glycolytic equUibr u . ™ ,,, syntheelied from laotio 

:lirs:tfnrrr;i.e - — te level and the high ATP/»P r.-o „hlch 

obtain under aerobic conditions. 
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CONTROL OF METABOLISM 


The literature on the physiological control of enzyme action is not voluminpus^ al- 
tho'ugh many physiologists and enzymologists have long "been aware that their respective 
efforts must he integrated if the living organism is ever to he understood* 


The classical problem in the physiological control of enzyme action is the Pasteur 
effect^ and on this subject the literature is abundant. Burk (1939) presented a 
thorough discussion of the phenomenon, including an examination of the various definitions 
and the theories as to mechanism. In simplest terms, the Pasteur effect is the oxygen 
inhibition of fermentative processes** and this in more specific terms means that in the 
presence of oxygen, less glucose will be converted to lactic acid than in the absence of 
oxygen. Johnson (19^1) emphasized the role of inorganic phosphate in the mechanism of 
the Pasteur effe'ct. He pointed out that inorganic phosphate is required for both oxida- 
tion and glycolysis and noted that oxidation could slow glycolysis if it could lower the 
intracellular phosphate to a point below the optimum level for the glycolytic process. 
Evidence that such a lowering could take place was also cited. Potter (19^^) concurred in 
the conclusions drawn by Johnson and pointed out that the physiology of the whole organism 
must be integrated in terms of reaction components that are common to the several systems. 
He noted that the type of control advocated by Johnson might be basically applicable to 
physiological mechanisms of much broader interest than the Pasteur effect. Lipmann (19^2) 
was inclined to doubt such simple explariations and to seek other "controlling factors'*. 
However, the task is so complex that while much is being done on the various isolated 
aspects of metabolism, knowledge of how these chemical reactions are Integrated is still 
quite meager. No one has proposed that any single factor is the key to eveiy problem of 
organlsmlc control. But it is becoming more and more evident that the problem of organ- 
ismic control is closely bound to if not identical with the problem of determining the 
course of the chemical reactions in the body, and the strategic importance of phosphate 
as a common factor in many biochemical systems is now thoroughly established. The present 
discussion will not attempt to de-emphasize the role of phosphorylation but will merely 
try to bring it into perspective with the many other factors that must also be considered 
in studies on the control of metabolism. 


ALTERNATIVE METABOUC PATHWAYS 

Metabolism has for many years been considered in terms of catabolism (breakdown) and 
anabolism (synthesis), but it has not always been made clear that for large numbers of 
substances there are alternative paths of metabolism as Peters (19^1) has pointed out. A 
given compound may be either broken down further to yield energy, or it may be combined 
with other compoimds or chemical groupings to form a more complicated product needed for 
growth or function. What determines which pathway will be followed? Or, if several may 
be followed, what determines which pathway will predominate? If we consider an amino 
acid, for example, it is obvious that there are a number of alternative pathways that are 
known, and there are probably more to be discovered. Among the known pathways, we might 
include 1) conversion to peptides and protein 2) deamination to yield the corresponding 
a-keto acid, which can then be burned to CO2 and water 5) decarboxylation to the amine 
k) transformation to non-protein nitrogenous compounds. Less obvious, but equally signifi- 
cant, are the alternative pathways that confront some of the- intermediates in carbohydrate 
breakdown. Pyruvate, for example, has many alternative pathways, as Barron (19U5) has 
emphasized. Among the pathways we might include 1) reduction to lactate 2) oxidation to 
acetate 3) carboxylation to oxalacetate 4) condensation with oxalacetate to form a citrate 
precursor (see Green et al, 19^8) 5) aminatlon to form alanine 6) decarboxylation to 

acetaldehyde. The conversion of pyruvate to acetate is of interest because of the mani- 
fold reactions that this substance can undergo in the bocSy. Bloch (19^7) has reviewed the 
literature on this subject. Without entering the discussion as to whether the active 
metabolite is acetate or a derivative of acetate, it seems to be definitely proved that 
acetate can participate in the following reactions (1) acetylation of amines and amino 
acids (2) condensation to acetoacetate (5) condensation to fatty acids and (4) condensa- 
tion to cholesterol, while other reactions have been suggested in addition. 
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amino acids had occurred, while if no growth occurred, it was apparent that a mutant had 
been Isolated. In the latter case, the mutant could be tested on media lacking all of the 
amino acids or all of the vitamins, and if growth failed on either of these media the 
general type of mutation could be deduced. Further screening with media containing only 
one vitamin or amino acid could then be carried out and the exact nature of the mutation 


The writer is indebted to Dr. J. Lederberg, Department of Genetics, University of Wis- 
consin, for suggestions in connection with this and the fnllowin^r eentinn. 
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could 'be learned. Some 80,000 spores were tested in this way and some hundreds of mutants 
were isolated and maintained as stock cultures on the complete medium. Many oi the mutants 
that were unahle to synthesize given vitamins were found to he different from each other. 

In every case so far analysed, distinct genes have been involved in the control of dis- 
tinguishable biochemical reactions, and where several genes have seemed to participate in 
a given transformation, it was plausible to postulate a distinct reaction corresponding 
to each gene. This work supports the postulate that there exists a one-to-one relation 
between chemical reaction and gene with the gene exerting its control over the chemical 
reaction by directly or indirectly controlling the production of specific enzymes. None 
of the work with Neurospora has yielded any evidence that would contradict the one-to-one 
concept (Bonner, loc. cit.) although it has been suggested that the experimental approach 
may tend to exclude other types of mutants, and further work may reveal cases in which the 

final specificity of an enzyme depends upon more than one gene. It is of course understood 
that many steps must be required to elaborate the various non-specific building blocks re- 
quired for the final synthesis of an enzyme. 


Evidence for the genetic control of enzymes based on direct determinations of enzyme 
activity is available in Neurospora, bacteria, yeasts, plants, and rabbits (Beadle, 19^5a; 
Bonner, 19^8; Monod, 19^7)* These experiments do not yet permit a final conclusion on the 
universal validity of the one-to-one concept. 


There have been remarkable instances of biochemical pathways that are identical in 
Neurospora and in higher animals. For example, Neurospora can carry out the complete urea 
cycle that Krebs and Henseleit originally postulated for mammalian liver, involving the 
conversions through ornithine, citrulline and arginine. The mold can carry out many syn- 
theses that are also carried out in the cells of mammals and there is reason to believe 
that the intermediate steps may be similar or identical in both cases. On the other hand, 
many compounds that can be synthesized by Neurospora cannot be synthesized by higher organ- 
isms, and are essential growth substances. 


Thus the Neurospora work has been of tremendous significance not only in clarifying 
the relationship between genes and enzymes but also in helping to elaborate the alterna- 
tive metabolic pathways that occur in living cells. 


It is obvious that the most decisive way of controlling a given alternative pathway 
is by means of a mutation that will either delete the enzyme entirely, or introduce it in 
a cell in which it previously did not occur. But there are other means of control that 
are much more flexible, and in normal cells metabolic pathways are probably not altered 
by means of mutations, since for all practical purposes mutabions are irreversible and 
furthermore relatively infrequent. On the other hand it seems quite possible that certain 
cancers are induced by mutations that alter the metabolic pathways of normal cells so as 
to produce cancer cells. 


CONTROL OF ENZYME AMOUNT 

A more subtle form of enzyme control is the regulation of the amount of each enzyme 
in the cell. Oiven two alternative metabolic pathways, with enzymes for both pathways 
present, the course of metabolism will depend in part upon the relative amounts of the 
respective enzymes. A discussion of this problem inevitably leads to a consideration of 
of the plasmagene concept, which may be stated at this point in the words of Spiegelman 
(19^6) "enzymes may be produced by cytoplasmic components (plasmagenes) which possess the 
capacity for self -duplication”. It may be noted that he also stated that "the evidence 
thus far presented does not permit a decisive conclusion as to whether the cytoplasmic 
self-duplicating unit is the enzyme itself or something media'ting its formation". Spie- 
gelman postulated that the plasmagenes are replicas of the nuclear genes, and that they 
are given off from the nucleus into the cytoplasm, where they control the amounts of pro- 
tein and enzymes synthesized. An important aspect of the plasmagene concept is the idea 
of competition: "These plasmagenes, like all self- duplicating entities, compete with 
each other for protein and energy, and the outcome of such competitive inter-actions then 
determines the enzymatic constitution of the cytoplasm". 
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The studies mentioned above were carried out with micro-organisms, 
availabie in the case of mammalian tissues. 


Other data are 


The various tissues in a higher organism are generally' believed to retain the origin- 
al gene pattern of the fertilized egg, and the current plasmagene theories are in general 
ased upon this assumption (but cf. Husklns, 19^7)* The data may eventually lead to a 
better test of the assumption than is available at present. Some of the facts are as fol- 
lows. Each organ in the animal body has a different pattern of enzyme distribution, both 
from the qualitative and quantitative standpoint, and each tissue within an organ has a 
specific enzymatic makeup ( cf . Potter, 19^4, 19^7; Greenatein, I 9 U 7 ). Furthermore, a 
given tissue may undergo great changes in enzyme content in relatively short periods of 
time, with or without cell division. Studies on brain and liver from, new bom rats re- 
vealed marked changes during the first 15 days of life (Potter, et al., 1945). More 
decisive is the data on the concentration of various enzymes In the corpora lutea of rat 
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ovaries during pregnancy and lactation (Biddulph et al.^ 19^6; Meyer et al. , 19^7; Staf- 
ford et al. , 19^7 J McShan et al., 19^8). The various enzymes increased and decreased at 
different rates during the period in which ovarian function was changing. 

From these and other studies it is clear that the amount of enzyme in mammalian tis- 

sues may vary widely and it seems difficult to explain the variations as primary responses 
to specific genes. The ability of the organism to vary the amount of enzyme in a cell is 
obviously a much more delicate means of regulating alternative metabolic pathways than the 
simple addition or deletion of an enzyme. V.Tiile the amount of enzyme might be varied by a 
mechanism in which individual genes formed homologous enzymes at varying rates the favored 
hypothesis is that genes form plasmagenes which in turn either form homologous enzymes or 
have enzymatic properties per se. Studies on enzyme distribution within the cell (Schnei- 
der^ 19^6) show that many enzymes are predominantly in the cytoplasm. This would seem to 
eliminate the hypothesis that nuclear-gene and enzyme are synonymous. 

The variations in enzyme amount may perhaps best be explained by postulating that a 
cell contains two types of competitive autosynthetic bodies, the genes and the plasmagenes. 
The duplication of the former is somehow geared to cell division while the duplication of 

the latter is independent of cell division (cf. Potter, 19^^)* The amount of enzyme in a 

tissue would accordingly be affected by the relative rates of cell increase and of plasma- 

gene increase. The amount of enzyme could fluctuate within wide limits but the changes 

would be reversible except in the extreme case in which cell division outpaced the division 
of some plasmagene to the point where the plasmagene became so "diluted” that some cells 
had none of it. Such a change could be irreversible if the homologous gene either did not 

exist or could not form the plasmagene, and would be difficult to distinguish from a 

"mutation". Model data for such phenomena have been obtained with Paramecia (Sonnebom, 
19^6; Preer, I9U6). 


CONTROL OF ENZYME LOCATION 


The action of an enzyme will be influenced by the chemical environment (see next sec- 
tion) but this in turn will be determined in part by the location of the enzyme with re- 
spect to other enzymes. Methods and results in connection with the localization of enzyme 
activity within cells are given in the chapter by Schneider (p. 273 )> and are of unques- 
tioned importance in the study of the living organism. While the genes must have much to 
do with the localization of enzymes (cf. Sinnott, 19^6) unequal distribution of cyto- 
plasmic components in embryonal development may be involved in subsequent tissue and 
structural differences. However little can now be said about the control of ultimate form 
and structure in terms of the relationship between genes and enzymes. 

IN VITRO CONTROL OF ENZYME ACTIVITY 

The knowledge of what enzymes are present in a cell, and the amounts that are present 
is only the beginning of an understanding as to what takes place in the cell. Many in- 
stances can be cited in which various enzymes in cells are present but not acting. The 
determination of the amount of enzyme in a cell would probably have no value whatsoever 
were it not for the fact that the amount of an enzyme is probably closely related to the 
extent of its use. Not only Splegelman's data cited earlier but various other studies 
lead to the conclusion that when a given enzyme is not used in a cell, the absolute amount 
of the enzyme decreases. 

Two generalizations may be made regarding the control of enzyme activity in cells. 
First, the activity is determined by the physico-chemical environment, and second, the 
environment is determined by the activity of all the surrounding enzymes and their loca- 
tion relative to the enzyme in question. 

The factors of the physico-chemical environment may be considered as separate items 
and usually are, in the iji vitro tests made by the enzyme chemist. They are fairly well^ 
known and need not be considered in detail here. 
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PHYSIOLCXjICAL control of enzyme activity 

V- 8 aspects of the enzymatic environment listed above is in turn affected 

y .ne action or the other enzymes present. These are the factors that probably are of 
greatest importance in the actual regulation of metabolic pathways. The problem of the 
immediate future is to work out the mechanisms by which hormones on the one hand and 

changes in the external environment on the other, affect the chemical environment of 
specific enzymes. 

Both Barron ( 19 ^ 5 ) and Lipmann ( 19 ^ 2 ) have emphasized the importance of controlling 
factors over and above the more obvious factors -such as substrate concentration etc., and 
presiimably they have had factors such as hormones in mind. We have taken the position 
(Potter, 194^4.) that the "inherent intracellular control which is the basis of life in 
primitive cells, is also the foundation upon which the specialized mechanisms must be 
laid. The controlling factors in the cell' must arise in response to metabolic events 
within the cell or In other cells". For example, one must discover how the basic meta- 
bolic system may be altered by inhibiting or activating some one of its enzymatic com- 
ponents with a honnone and one must Inq^ulre as to what metabolic product directly or In- 
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directly prompted the release of the hormone from the distant endocrine organ into the 
hlood stream. 

It has been suggested that the increase in oxygen uptake following an increased work 
output in a tissue^ and the decrease in oxygen uptake soon after the onset of rest is 
readily explained in terms of the mechanisms of enzyme control that are already available 
(Potter^ 19^^)* The stimulation was assumed to release a cofactor (possibly calcium) for 
ATP breakdown which furnished the energy for the v^'ork process and at the same time yielded 
products that stimulate glycolysis. Glycolysis would provide substrates for the oxidative 
enzymes, while both glycolysis and oxidation would reconvert adenylic acid and inorganic 
phosphate back to ATP. Fuel consumption would then decrease in rate due to a lack of phos- 
phate and phosphate acceptor. Components of this system (e.g. lactic acid, COg, adenylic 
acid) were assumed to set off the bodily control mechanisms that are necessary for con- 
tinued work performance or for integrating the needs of various organs. To emphasize such 
mechanisms does not deny the role of insulin, cortin, acetylcholine etc. but rather pro- 
vides a background against which they must be examined. In the work cited, it was pro- 
posed that the growth mechanism was also geared into the same system. 

SUMMARY 

In conclusion it may be said that there is a very considerable area in which both the 
enzymologist and physiologist can afford to collaborate, and that there is a veiy -great 
need for investigators who know something about each field, for certainly the two must be 
combined if we are to achieve a real understanding of living organisms. The enzyme chemist 
can determine what alternative metabolic pathways can occur in a given kind of tissue, but 
much more- has to be done in order to know what reactions ^ occur. Studies on the living 
animal, using isotopically labelled metabolites, are perhaps the most attractive means now 
at our disposal for discovering what reactions actually do occur in the whole organism. 
However this approach is not self-sufficient. Many labelled compounds may never reach the 
site where they are acted upon when they arise in situ, due to permeability barriers, or 
more rapid metabolism at another site. We are inevitably drawn to the conclusion that 
every conceivable approach must be utilized and constantly evaluated against the other ap- 
proaches if we are to \mravel even a fraction of the nysteries of the living cell. While 
we cannot hope to reconstruct the cell, we can hope to \mderstand the mechanisms that 
govern alternative metabolic pathways sufficiently to enable us to alter them by external 
means, i.e., by therapy in the case of the medical field, with more assurance than is now 
possible. 
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METHODS FOR THE DETERMINATION OF THE INTRACELLULAR 

DISTRIBUTION OF ENZYMES 
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and especially those obtained with fixed and embedded tissues must be accepted with con- 
siderable reserve. 
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MEASUREMENT OF ENZYMATIC ACTIVITY IN FRAGMENTS 

OF SINGLE CELLS 

A more satisfactory method for the localization of enzymatic activity within cells 
involves the direct determination of enzymatic activity in single cells and in fragments 
obtained from single cells* This technic was developed and applied by Linderstrom-Lang 
and Holter and their co-workers (Linderstrom-Lang^ 1938) aJid consisted essentially in 
scaling down current biochemical methods of analysis so that products produced by the 
enzymes in a fragment of a single cell could be measured. In their earlier work pieces 
of tissue were frozen and cut into thin sections. Alternate sections were then used for 
enzymic analysis and for quantitative histological analysis of the types of cells present. 
It was found that enzymatic activity could in certain cases be correlated with the number 
and type of cells present in a given tissue section. Thus the distribution of pepsin in 
the stomach mucosa was correlated quantitatively with the number of chief cells. Several 
other enzymes have also been localized within specialized cells of glandular tissues by 
this technic. 

Subsequently it was found possible to extend these studies to single cells by apply- 
ing these sub-micro biochemical methods of enzymic analysis to relatively large single 
celled organisms. Thus it was found that centrifugation caused sea urchin eggs to divide 
into two halves one of which contained the nucleus and the other the mitochondria. En- 
zymic and cytologlcal analysis of the two halves was then possible. In the case of the 
amoeba^ centrifugation caused elongation of the cell and stratification of the cell con- 
tents. Holter and Doyle (1958) were able to divide the centrifuged amoeba into sections 
and correlate enzymatic activity of the sections with their mitochondrial content. In 
still another application of the Linderstrom-Lang technics, Duspiva (19^2) determined the 
enzymic activity of measured quantities of nuclear material withdraw with a micro-pipette 
from the nucleus of frog ' s eggs . 

It is apparent that the technics of Linderstrom-Lang are rather limited in applica- 
tion. Thus the study of the intracellular distribution of enzymes has been limited to 
single celled organisms. The method has apparently not been applied to single cells of 
mammalian tissues. In addition it must be pointed out that the localization of enzymes 
within cells has depended on correlations of enzymatic activities with microscopically 
visible cell constituents. It would be of considerable interest to extend these studies 
to direct determinations of the enzymatic activities of cellular components isolated from 
single cells. 

MEASUREMENT OF ENZYMATIC ACTIVITY IN FRACTIONS OBTAINED 

FROM LARGE NUMBERS OF DISRUPTED CELLS 

The most versatile method for the study of the distribution of enzymes within cells 
is the so-called cell fractionation technic. In this method a piece of tissue is taken 
and the cells are broken mechanically (mortar or homogenlzer) thus releasing the cell con- 
tents. The different parts of the cells can then be isolated by the application of gradu- 
ally increasing centrifugal force. Since the nuclei are the largest in size of the cell 
components and the most dense, they are sedimented at low speeds. At higher centrif\agal 
forces the mitochondria sediment, followed at still higher speeds by the submicroscopic 
particles. If the nuclear membranes are broken by the use of fine sand or the Waring 
b lender, the chromosomes are released and can also be isolated by differential centrifuga- 
tion. For details of the Isolation procedures, the reader is referred to the papers by 
Bounce (1943), Claude (1941, 1945, 1944, 1946), Mirsky and Els (1947), and Hogeboom, 
Schneider and Pallade (1948). One advantage of the cell fractionation technic is that 
almost any amount of a particular fraction can be prepared in pure form. Thus the number 
of enzyme reactions that can be studied is limited only to the diversity of enzyiliatlc re- 
actions known to current biochemistry, provided of course that adequate assay methods are 
available or can be developed. Although a large rnunber of enzymes can be studied with' 
this technic, the method has several disadvantages. In the first place since pieces of 
tissue are used, more than one type of cell is being studied* This limitation can be 
avoided by the choice of tissues which are composed almost exclusively of one type of 
cell. Furthermore the mere act of breaking the . cell membranes must be considered as a 
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^rI?iof ?n Ke^nocl T ®®iitrifugation. It was found that the arginase concen- 

ItltlZtZ apoenzyme of lactic dehydrogenase, and acid phosphatase also were 

present in similar concentrations in the isolated nuclei while the concentration of alka- 

1 me phosphatase was about 2 times as great as in the whole liver. In addition Dounce 
o^d that catalase, succinic dehydrogenase, cytochrome c, coenzyme I, and riboflavin were 
either absent or present in very small amounts in the liver nuclei. Lan (19^5 I9H) ex- 
tended these studies to d-amino acid oxidase and uricase. These enzymes were found to be 
present in the nuclei in the same or slightly higher concentrations than in whole liver. 
More recently Dounce and Beyer (19^8) have observed that nuclei isolated from liver or 
kidney had an aldolase activity which was about kO per cent as great as that of the whole 
tissues. Ehiler et al (19^5) using the method of Dounce for the isolation of nuclei were 
able to demonstrate succinic and lactic dehydrogenase activity in isolated rat liver 
nuclei with the Thunberg technique. Schneider (19^6) fractionated rat liver into a nu- 
clear fraction^ a large granule or mitochondria fraction and an unfractionated residue. 

The nuclear fraction contained all of the nuclei of the original liver tissue^ but also 
contained some large granules. It was found in agreement with the results of Dounce 
(19^5) that t^e concentration of cytochrome oxidase was 55 per cent as great in the nu- 
clear fraction as in the whole tissue. It was also pointed out however^ that tMs concen- 
tration of enzyme accounted for only about 5 per cent of the total cytochrome oxidase 
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activity of the liver tissue and that the major portion of the cytochrome oxidase activity 
of the liver tissue was recovered in the large granule fraction in which the cytochrome 
oxidase concentration was ^Ib per cent as great as in the whole liver. It may be con- 
cluded that the significance of the association of these enzymes with the nuclei is ob- 
scure inasmuch as the concentrations of the enzymes in the nuclei was (with the exception 
of alkaline phosphatase) lower than in the whole tissue. 

ENZYMATIC ACTIVITIES ASSOCIATED WITH THE CYTOPLASM 

THE GOLGI APPARATUS 

Emmel (19^5) discovered that the supranuclear region of epithelial cells of the small 
intestine showed piarked alkaline phosphatase activity. This region corresponded closely 
to that of the Golgi apparatus. This observation was confirmed and extended by Deane and 
Dempsey ( 19^6 ) who found that the Golgi region of other cells exhibited marked phosphatase 
activity^ both at alkaline and acid reaction. Further advances in the study of the Golgi ^ 

material will undoubtedly await the isolation of this material by differential centrifuga- 
tion. 


THE MITOCHONDRIA 

No attempt has apparently been made to determine whether enzymatic reactions could be 
demonstrated in the mitochondria by hlstochemical technics. The histochemical methods 
have however demonstrated enzjTnatic reactions associated with granules located in the 
cytoplasm. Whether these granules are related to or identical with the mitochondria will 
await further research. The association of oxidases, peroxidases, >and lipases with these 
cytoplasmic granules has been reviewed recently ( Joyet-Lavergne, 1938 and Dempsey and 
Vislockl, 19 ^ 6 ) and need not be discussed further here. 

Holter and Doyle (1938) studied the distribution of anylase in centrifuged specimens 
of Amoeba proteus. These authors cut the centrif\aged amoebae into several sections and 
determined the amylase activity and the number of mitochondria in each section. They 
found that the localisation of amylase followed most closely the distribution of mito- 
chondria and concluded that the enzyme was probably bound to the mitochondria in this 
organism. 

The largest number of studies on the association of enzyme activity with mitochondria 
has been made on the mitochondria isolated from large numbers of cells by centrifugation. 
The first such study was made by Warburg in 1913, who found that the oxygen uptake of 
granules obtained by centrifugation of cell free guinea pig liver extracts accounted al- 
most entirely for the oxygen uptake of the extract. Lazarow and Barron (I9U5) made simi- 
lar studies, but found that mitochondria, nuclear concentrate, and supernatant all ab- 
sorbed oxygen. The data of these workers is expressed only however as Qq^ values and it 
is impossible to determine what fraction of the oxygen uptake is associated with each 
fraction. These workers also observed that there was a considerable augmentation of the 
oxygen uptake when succinic acid was added to the nuclear fraction or to the mitochondria 
fraction, when glutamic acid was added to the mitochondria, and when ethyl alcohol was 
added to the supernatant. Brachet and Jeener (194^^-) centrifuged cell free extracts of a 
large number of tissues at high speed and found that a large number of enzymes was partly 
bound to the sedimented particles which undoubtedly included both the mitochondria and 
the submicrospic particles. The enzymes included acid and alkaline phosphatase, amylase, 
dipeptidase, cathepsin, trypsin, arginase, and adenylic acid deaminase. Chantrenne {19U4) 
in a similar study with yeast extracts found that the granules sedimented from the yeast 
extract contained cytochrome oxidase, cytochromes a and b, succinic dehydrogenase, and 
peroxidase. Herrmann and Boss (19^5) isolated the pigment granules of the ciliary body 
and found that these granules possessed cytochrome oxidase, succinoxidase, and dopa 
oxidase activity. It is rather interesting that these pigment granules should possess 
enzymatic activity since, as these authors point out, they have generally been assumed to 
be metabolically inert. In 19^5, Steinbach and Moog Isolated cytoplasmic particles from 
chick embryos and observed that they had high adenylpyrophosphatase activity. The iso- 
lated particles were apparently a mixture of both mitochondria and submicroscoplc par- 
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THE SECRETORY GRANULES 

Van Weel and Engel (1953) demonstrated that there was a striking correlation between 
the granule content of pancreatic cells of the mouee and the carboxypolypeptidase activlty- 
These authors used the serial sectioning methods of Linderstrom-Lang (I 958 ) and were able 
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to show that the injection of pilocarpine into fasting mice resulted in a marked drop in 
the granule content of the pancreatic cells followed hy a gradual increase in the granule 
content until at the end of about 12 hours the granule content had returned to the origi- 
nal level. These changes in the granule content of the pancreas were closely paralleled 
by the c a rboxypoly peptidase activity of the pancreas thus indicating that this enzyme was 
associated with the granules that were being secreted by this gland in response to the 
pilocarpine injection. 

The large granules isolated from liver cells by differential centrifugation were at 
first considered to be secretory granules (Claude^ 19^5)* Subsequently this view was 
modified and it was stated that the large granules were a mixture of mitochondria and 
secretoiy granules (Claude^ 19^6). More recently (Hogeboom^ Schneider^ and Pallade, 19^) 
found that apparently all the particles isolated in the large granule fraction were mito- 
chondria as demonstrated by vital staining with Janus Green B and presented evidence that 
the secretory g:^anules were apparently disintegrated when the cells were broken. In the 
case of other tissues however it is not certain that all the elements isolated are mito- 
chondria. This would appear to be especially true of the pancreas since the secretory 
elements of this tissue seem to be more stable. In this connection it is of interest to 
note that Brachet and Jeener (19^^) observed that one of the secretion products of the 
pancreas^ trypsin^ was associated with the particulate material isolated from this tissue. 

THE SUBMICROSCOPIC PARTICLES 

Omachi^ Bamum, and Glick (19^8) made a careful study of the distribution of esterase 
in mouse liver homogenates. These authors found that ^7 per cent of the esterase activity 
of the original liver was associated with the submlcroscopic particles and that the ester- 
ase concentration in this fraction was ^.2 times as great as in the homogenate. Hogeboom 
(19^9) studied the distribution of cytochrome c reductase in rat liver fractions. He 

found that 48 per cent of the reductase activity of the homogenate was associated with the 
submicroscopic particles and that the specific activity of the submlcroscopic particles was 
about 5 times as great as that of the homogenate. The enzymes esterase and cytochrome c 
reductase are the only ones that have been demonstrated to reach high concentrations in 
the submicroscopic particle fraction. 

ENZYMATIC ACTIVITY NOT ASSOCIATED WITH 

PARTICULATE MATERIAL 

The enzymes in this category include all the soluble enzymes. However, the fact that 
an enzyme has been obtained in soluble form does not necessarily indicate that the enzyme 
is present in a soluble form in the cell. In the previous sections several soluble en- 
zymes have been demonstrated to be associated with insoluble particulate material. As a 
result it will be necessary to test each enzyme separately to determine whether or not it 
is actually present in the cell in soluble form. Several enzymes appear to be present in 
the cell in soluble form. Thus Claude (1944b) has stated that transaminase and malic 
dehydrogenase were probably present in the liver cell in soluble form. Chantrenne (1944) 
found that catalase, lactic dehydrogenase, carboxylase and cytochrome c were present in 
the supernatant remaining after the removal of particulate material from yeast extracts. 
Schneider, Claude and Hogeboom (1948) also observed that a considerable portion of the 
cytochrome c of rat liver was not associated with either the mitochondria or the submicro- 
scopic particles. 

ENZYMATIC ACTIVITIES WHOSE LOCALIZATION WITHIN 

THE CELL IS UNCERTAIN 

Tiinderstrom-Lang (1935); Philipson (1955); Holter (1936), Holter and Kopac (1937), 
and Doyle (I 958 ) demonstrated that the peptidase and catalase activities of certain marine 
eggs were not associated with the mitochondria of these cells but that these enzymes ap- 
peared to be localized within the hyaline ground substance of the cytoplasm of these 
cells. It is not clear however, whether these enzymes are bound to submicroscopic par- 
ti ciilate material in the cytoplasm of these cells or whether they are present in soluble 
form in the cytoplasm. Engel and Bretschneider (1947) have studied the distribution of 
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in transulfuratlon, ^244 

ADENYLIC ACID DEAMINASE 277 

ADENYLOPRCTEINo 221 * 

ADENYLPYROPHOSpWasE 277 

AEROBIC DEHYDROGENASSS, 105, 104, loQ 

AEROBIC respiration, 

equilibrium polnt'of, 262 
AGMATINE 


oxidation of, 240 
ALANINE 


derivatives, oxidation of, 255 
oxidation of, 229, 250, 255 
transamination of 242 
ALCOHOL DEHYDROGENASE 154 loA 

in animal tissues aid ^cterta 
in yeast, I54 ' 

specificity of, I96 
ALDEHYDE DEHYDROGENASE 115 
liver, 115 » ^ 

potato. 115 
ALDEHYDES 


156 


from amines, 257, 24o 
ALDEHYDRASE, I08 
ALDIMINES 


from amines, 257, 24o 
ALDOLASE, I88, 276 
inhibitors of, I89 
specificity, I89 
ALLOTHREONINE 
oxidation of, 255 

ALLOXAZINi, ADENINE DINUCLEOTIDE, 9! 
in D-Amino acid dehydrogenase, 252 
competition for 

in glycine oxidase, 251 
method of determination, 94 
method of preparati on, 94 
structure, 94 
AMIDES 


synthesis of, 246 ff 
AMINE DEHYDROGENASE, ll4, 256ff 
AMINE OXIDASES, 114, 256ff 
AMINES 

acetylation of, 246ff 
from amino acids, 248ff 
oxidation of, 256ff 
AMINO ACID DEAMINASES, 246 
AMINO ACID DECARBOXYLASES, 248ff 
animal, 250ff 
bacterial, 248ff 
plant, 251 

AMINO ACID DEHYDRASES, 244 ff 
AMINO ACIDS 

amide formation, 246ff 
deamination of, 246 
decarboxylation of, 248 
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amino acids (Continued) 
dehydration of, 244ff 
dehydrogenation of, 227 ff 
from N-methyl amino acids, 254 
reduction of, 246 
stimulation by, 233 
transamination of, 24 1 
transmethylation of, 244 
transulfuration of, 244 
D- AMINO ACID DEHYDEOGENASE, 114, 227, 

252ff, 276, 278 

(see also D-Amino acid oxidase) 

L- AMINO ACID DEHYDEOGENASE, ll4, 229ff, 
from mammalian tissue, 227, 250ff 
from Proteus vulgaris , 227, 254 
from snakes, 227, 229 ff 
D-AMINO ACID OXIDASE, 276, 278 

(see also D-Amino acid dehydrogenase) 
AMINO ACEYLIC ACID 
from cysteine, 245 
pyruvic acid from, 245 
reaction with cysteine, 245 
p-AMINOBENZOIC ACID 
acetylation of, 247 
p-aminohippuric acid from, 247ff 
a-AMINOBUTYEIC ACID 

oxidation of, 230, 233; 235 
derivatives, oxidation of, 255 
a-AMINOCAPEOIC ACID 
oxidation of, 230, 235 
a-AMINOCAPEYLIC ACID 
oxidation of, 255 
p -AMINO HIPPUEIC ACID 
synthesis of, 246ff, 280 
AMINO a-KETOVALEEIC ACID 
from proline, 227, 228 
p - AMI NOPHENYLDI CHLOEAES I NE 
inhibition by, 254, 256 
a-AMINOVALEEIC ACID 

oxidation of, 250, 235 
AMMONIA 

from amines, 257, 240 
from amino acids, 227, 245, 246, 251 
glutamine from, 247 
in citrulline synthesis, 248 
inhibition by, 25I 
AMYLAMINE 

oxidation of, 258, 239 
AMYLASE, 277, 280 

ANAEROBIC DEHYDEOGENASES CYTOCHEOME- 
LINKED, 105, 104, 115, 124, 125 
ANAEROBIC DEHYDEOGENASES PYRIDINE- 
NUCLEOTIDE- LINKED, 105, 104, 125, 

159, 140 

AEGINASE, 251, 276, 277 
ARGININE 

decarboxylation of. 248 
from citrulline, 245ff 
hydrolysis of, 251 
oxidation of, 229, 255, 255 
AESENITE 

inhibitory effect of, 205, 252, 246 


ASCORBIC ACID, 98 
oxidation by Cu, 166 
ASCORBIC ACID OXIDASE, I66-I68 
crystalline enzyme reported, I66 
discovery, I66 
distribution, 166 
function, 166, I67 

inactivation, 167 

inhibitors, I66, I67 
mode of oxidation, I67, I68 
purification, I66 
ASPARAGINE 

oxidation of, 23O 
ASPARTIC ACID 

inhibition by, 256 
in transi ml nation, 243 
oxidation of, 253 
transamination of, 242ff 
ATABEINE 

inhibition by, 234 
AZIDE 

Inhibition by, 253, 246 
BENZOIC ACID(S) 

hippuric acid from, 246ff 
inhibition by, 229, 251, 235 
BENZYL AMINE 

oxidation of, 258 
BETAINE 

methylation by, 244 
BIOTIN, 96 
structure, 97 
BUTYLAMINE 

oxidation of, 258 
BUTYRIC ACID DEHYDROGENASE, l43 
CADAVENINE 

oxidation of, 24o, 24 1 
CAFFEINE 

inhibition by, 248 
CALCIUM 

as inhibitor of phospho pyruvate 
transphosphorylase, 194 
CAPRYL ALCOHOL 

inhibition by, 235, 256 
CARBAMYL GLUTAMIC ACID 

in citrulline synthesis, 248 
CARBON MONOXIDE 

complex with respiratory enzyme, 9 
CARBONYL REAGENTS 

inhibition by, 229, 24l, 246, 250 

CARBOXYLASE, 279 
CARBOXYPOLYPEPTIDASE, 278, 279 
CARRIERS, 151 

CATALASE, 7, HO, 112, 171-175, 276, 279 

absorption spectrum, 173 

as a peroxidase, 159, 171, 172, 229 

azide-catalase, 175 

biliverdin, 173 

composition, 174 

copper, 174 

ethanol, oxidation by, 229 
function, 171, 172 

hematin, 17I, 175 


C AT ALAS E ( C ont i nued ) 

hematin derivatives^ I75 

H2O2 decomposition/ 159, 171 228 

inactivation, I72 

inhibitors, I73 174 

iron content, I74 

isoelectric point, 174 

Katalaae fahigkeit, Kat. f. 172 17^ 

kinetics, 36, 175 ' ^ 

measurement of activity 172 
molecular weight, 174 ’ 

purification and/rystallization, I72, 

reaction mechanism, 174 
CATECHOL ' f > 


rate of oxidation, I61 
substrate for catecholase l64 
substrate for tyrosinase /6l 
CATECHOLASE, l64 

from sweet potatoes, l64 
substrate specificity l64 
terminal oxidase, l64^ 
CATHEPSIN, 277 

CELL FRACTIONATION, 275 280 

p-CHLORMERCURIBENZOATE ' 

inhibition by, 234 256 

CHOLINE ' 

inhibition by, 24l 

methylation by, 244 

CHOLINE DEHTDROOENASE 123 

CHROMOSOMES, 275, 276^ 

enzymes in, 276 

CITRIC ACID CYCLE, 202-225 

in hippuric acid synthesis 247 
C ITRULLINE 


conversion to arginine, 245ff 
oxidation of, 230 
synthesis of, 246 ff, 28O 
CLOSTRIDIUI -l KLUYVERI. 225 
COCARBOXYLASE, 90, I95 

method of determination, 92 
method of preparation, 92 
structure, 90 
CODECARBOXYLASE, 95 

method of determination, 96 
method of preparation, 95 
structure, 95 
COENZYME A, 96 

in acetylation, 247 
method of preparation, 96 
COENZYME FACTOR, I53 

(see also cytochrome reductase) 
COENZYME I 

(see diphosphopyridine nucleotide) 
COFACTORS 

effect of concentration of, on 
enzyme activity, 270 
CONFIGURATION 

of 01 -glycerophosphate, 196 
CONTROL MECHANISMS, 266-270 
COPPER PROTEINS 

ascorbic acid oxidase, I66 


COPPER PROTEINS ( Continued) 
laccase, l 64 

tyrosinase, I60 

CORI ESTER, 185 
COUPLING MECHANISMS 

energetic, 258- 260 

CREATINE 

from guanidoacetic 

CUPRIC SALTS 

ty, 231, 233, 23k 


acid, 244 


by, 105, 227, 228, 234, 




230 


acid, 245 


277 


inhibition 
CYANIDE IONS 
inhibition 

236, 246 

stimulation by 233 
CYCLOPHORASE SYSTEM, 14l 
preparation of, 211-212 
requirements for 212-215 
CYSTATHIONINE 

In transulfuration 244 
CYSTEIC ACID 

decarboxylation of, 250 
transamination of 242 
CYSTEINE ’ 

derivatives, oxidation of, 
desulfhydratlon of, 244ff^ 
from transulfuration, 244 
oxidation of., 229, 230, 233 
reaction with amino acrylic 
stimulation by, 247 250 

CYSTEINE DESULFHYDRASE 245 ff 
CYSTINE ' 

from desulfhydratlon, 245 
oxidation of, 229 
CYTOCHROMES ja and b, 12 I51 

CYTI3CHR0ME c, 12, 105, 115, 125, 159 

276, 278, 279 

in anaerobic dehydrogenase systems 

139 

in hippuric acid synthesis, 247 
in succinoxidase system, ii7, 118 li 
in transimlnatior, 243 ' 

CYTOCHROME c PEROXIDASE, I71 
CYTOCHROME c REDUCTASE, I52, 155 279 

CYTOCHROME OXIDASE, 102, lo/ 115 I56 

158, 139, 274 , 276-278, 280 

inhibition by cyanide, 105 

in succinoxidase system, 102, 105 11' 

DEHYDROGENASES, 101 
amino acid, 227ff 
classification, 104 
compounds activated, 104 , 105 
definition, 102 

detection and determination, 102 
first hydrogen acceptor specificity, 1 
general properties of 
aerobic, ll 4 , II5 
cytochrome-linked, 124 , 125 
pyridine-nucleotide-llnked, I59, 14 o 
unclassified, 103 , 104 , 14 o, 143 
in coupled reactions, I06 
DEHYDROGENATION 

in biological oxidations, 4 
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detergents 

inhibition by, 250 
stinruiation by, 250 

diamine dehydrogenase, 114, 240ff 
diamine oxidase, 114, 240ff 
diaphorase, 155 

(see also cytochrome reductase) 

D IHYDROXY ACET ONE 

as precursor of a -glycerophosphate, I96, 

197 

conversion to glyceraldehyde-J-phosphate, 

190 

formation from HDP, I88 
DIHYDROXYPHENYLALANINE 
decarboxylation of, 248 
oxidation of, 229, 233 
DIMETEYLAMINE 

from tertiaiyamines, 237 

DIMETHYLTHETIN 

methylation by, 244 
DINITROPHENOL, 2l8ff 

dipeptida:3E, 276, 277, 279 

DIPHOSPHOGLYCERIC ACID 

1 . 5 - , 191 

2 . 5 - , 195 

DIPHOSPHOPYRIDINE NUCLEOTIDE (DPN), 87 
method of determination, 89 
method of preparation, 89 
structure, 88 
DISSOCIATION CONSTANT 

of enzyme -substrate complex, 20, 26, 

30, 48 

DOPA OXIDASE, I65, 274, 277 "" 

melanine formation, I65 
separation from tyrosinase, 165 
sources, I65 

stability and inhibitors, I65 
substrate specificity, I65 
ELECTRON TRANSPORT MECHANISMS, 151 
ENERGETICS 

activation energy, I8, 25, 31, 58, ^0, 

^5, ^8, 50, 162 

inactivation, 32, 43, 50 
ENERGY COUPLING, 258-260 
ENERGY RELATIONS IN METABOLIC REACTIONS, 

256-265 

ENOL^E, 193 

inhibition of, by fluoride, 195 

equilibrium of reaction catalyzed by, 

194 

Mg"*"^ as activator of, 194 
EPINEPHRINE 

oxidation of, 257, 258, 259 
ESTERASE, 276, 279, 280 
ESTER 

primary, 2l8 
ETHANOL 

oxidation of, 229 
ETHYLAMINE 

oxidation of, 258 
ETHYLENEDI AMINE 
oxidation of, 240 


FATTY ACID OXIDASE, 278, 280 
FATTY ACIDS 

from amino acids, 223 , 246 
(see also under Acids or under individual 
names) 

FERRICYANIDE, 217 
FISCHER- BAER ESTER, I88 
FLAVIN ADENINE DINUCLEOTIDE, 9^ 
competition for, 234 
in D- amino acid dehydrogenase, 232 
in glycine oxidase, 25I 
method of determination, 9^ 
method of preparation, 9^ 
structure, 9^ 

FLAVIN MONOPHOSPHATE 

in L-amino acid dehydrogenase, 230 
FLAVOPROTEINS, ll4, 23 1, 252 
FLUORIDE IONS 

inhibition by, 247 
FOLIC ACID, 97 
structure, 98 
FORMALDEHYDE 

from N- methyl amino acids, 234 
a-FORMAMIDINO GLUTAMIC ACID 
from histidine, 251 
FORMIC ACID 

from histidine, 251 
FORMIC DEHYDROGENASE, I58 
in bacteria, 139 
in higher plants, I58 
FREE ENERGY 

changes in metabolic reactions, 256-265 

change, concentration and, 257 

relation to oxidation-reduction potentials, 

69 

FRUCTOSE- 6 - PHOSPHATE 
conversion to HDP, I87 
formation of, I87 
FUMARASE, 11?, 203 
FUMARIC ACID 

stimulation by, 244 

(mentioned also in Citric Acid Cycle) 
GALACTOKINASE, l84 
GENES 

role of, in enzyme occurrence, 266 
GLUCOSE DEHYDROGENASE, I56 
GLUCX)SE- 6 - PHOSPHATE 

conversion to fructose-6-POj^, I87 
formation, I83, 185 

GLUC0SE-6-PH03PHATE DEHYDROGENASE, I5I 
GLUTAMIC ACID 

decarboxylation of, 248 
from glutamine, 251 
from histidine, 251 
glutamine from, 247 
in citrulline synthesis, 248 

in transimination, 245 
oxidation of, 256 
transamination of, 242 
GLUTAMIC DEHYDROGENASE, 159, 1^0, 227, 

256ff 

coenzyme specificity, 105 


GLUTAMINASE, 251 

glutamine 


hydrolysis of, 251 
oxidation of, 250 
synthesis of, 246ff 
GLUTATHIONE, 10, 98 
stimulation by 250 
GLYCERALDEHfDE ’ 


derivatives indexed under triose 
inhibition of glycolysis by I8U 

glyceeophosphate, 276 ’ ’ 

GLYCEROPHOSPHATE DEHYDROGENASE 104 
120, 155, 196, 278 ' ^ 

cytochrome-linJced, 104, 120 
pyridine nucleotide-linked, 155 1Q6 
specificity of, I96 ' 

glycine 


hippuric acid from, 247 
oxidation of, 231 

glycine dehydrogenase. 114 227 2^ Iff 

GLYCOLYSIS, I07, 159, l80ff 
definition, I80 
equilibrium point of, 262 
pathway of, 182 
GOLGI APPARATUS, 277 
enzymes in, 277 
GRAMICIDIN, 218 
GUANIDINE 

inhibition by, 241 
GUANIDOACETIC ACID ( Glyco cy amine) 
methylation of, 244 
HARDEN-YOUNG ESTER, I8I I88 
HEPTYLAMINE 


oxidation of, 258 
HEXOKINASE, I83, 214 

Inhibition by sorbose-l-phosphate 184 

of brain, I85 ' 

of liver, 184 
of muscle, 184 
of yeast, I83 
HEXOSEDIPHOSPHATE 

accumulation in fermenting yeast 
extract, I8I 

cleavage to triose phosphates, I88, I89 
hydrolysis, I88 
synthesis, I87, I88 
HEXYLAMINE 

oxidation of, 258 

HIGH-ENERGY PHOSPHORUS COMPOUNI®, 258-262 
as common reactants in energy coupling, 

258 

biological synthesis of, 260 
biological utilization of, 261 
efficiency of biological production 

of, 262 

HIGHER FATTY ACID DEHYDROGENASE, 143 
HIPPURIC ACID 

synthesis of, 246ff 
HISTAMINE 

oxidation of, 24o, 24l 
HISTIDASE, 251 


decarboxylation of, 2^8 

oxidation of, 229 230 
stimulation by 233 ’ 

HOMOCYSTEINE 
desulfhydratlon of 2L5 

inhibition by, 245’ ^ 

oxidation of, 230 

niethylatlon of, 2U4 

t rans ul f ura tl on of 2^‘* 

hordenine 


253, 235 
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HORMONES, 270 
HYDRAZI NE 

inhibition by, 250 
HYDROGEN ACCEPTORS, 104 

as intermediary carriers, I06 107 

cytochrome c, 104 * 

DPN and TPN, 104 , 106, 107 

in dehydrogenation, 102 
methylene blue, 102 
oxygen, 104 

HYDROGEN ELECTRODE, 59 
HYDROGEN PEROXIDE 

end product of oxidation, 159 
from amine dehydrogenation, 2 *', ' 

from amino acld>dehydrogenatI ' t 

232, 234 ■ . 

not formed by oxidases, I*"'* 
oxidation of alcohol by, 
oxidation of keto acids \y. ’M 
oxidation of prollne by, 

HYDROGEN SULFIDE 
Inhibition by. 235 
from cysteine, 244 ff 
from homocysteine, 245 
HYDROGENASE, 142 
HYDROGENLYASE, 143 , 144 
P -HYDROXYBUTYRIC DEHYDR 0 GEJIA 3 B, 127 
a-HYDROXYGLUTARIC DEHYDROGENASE, 143 
L-HYDROXY ACID DEHYDROCniASE 

activity In L-aml acid dehydrogeoMe 

HYDROXY ACIDS 
dehydrogenation of, 230 
from amino aclda, 246 
HYDROXYLAMINE 

in glutamine ayntbeels, 247 
Inhibition by, 241 , 246 , 250 
HYDROXY PROLIME 


oxidation of, 227 
IMIDAZOLE 
Ixihlbltion by, 241 
IMINO ACIDS 

from amino adds, 227, 245 
hydrolysis of, 227 
INDQPBSirOL QXTnAflg, 1 %^ 274 

(see pytochnSme oxldsae) 

"imncnoii feast op nmatK nm, 196 

INHIBrrGBS 

oompetltlTe, 21, 27, S9, 4< 




INDEX 


267 


INHIBITORS (Continued) 

of ascortic acid oxidase^ I66, 16? 
of catalase^ 175, 17^ 
of dopa oxidase, I65 
effect of - concentration, 270 
of laccase, l64 

noncompetitive, 25, 27, 28, 44, 46 
of peroxidases, 170 
quadratic, 27 
of tyrosinase, 162 
uncompetitive, 27 
INSULIN 

as stabilizer of yeast hexokinase, I85 
as regulator of hexokinase reaction, l84 
INTERMEDIARY CARBOHYDRATE AND FAT 
NtET ABOLISH, 142 
lODOACETIC ACID 

derivative, inhibition by, 229, 251 
IONIC STRENGTH 

effect on enzyme activity, 270 
ISOCITRIC DEHYDROGENASE, 129 
ISOLEUCINE 

oxidation of, 229, 255, 255 

ISOTOPES, 271 
a-KETO ACIDS 

from amino acids, 227, 245, 246 
oxidation by H2O2, 228 
transamination and, 241 ff 
a-KETOBUTYRIC ACID 

transamination and, 242 
a-KETOGLUTARIC ACID 

from glutamic acid, 256, 24 Iff 
oxidation of, 202, 205 
a-KETOGLUTARIC DEHYDROGENASE, 145 
KIESSLING ESTER, I88 
KREBS' CYCLE 

(see Citric Acid Cycle) 

LACCASE, l64 

copper content, l64 

differences from tyrosinase, 165 

inhibitors for, l64 

inhibits monophenol oxidation, l64 

sources, l6ii- 

substrates oxidized, l6l4-, I65 
LACTIC ACID 

resynthesis to carbohydrate, I8I 
LACTIC DEHYDBOGENASE, 104, 10?, 122, 159, 

195, 276, 279 

cytochrome linked (yeast), 122 
LACTOPEEOXIDASE, I68, 171 

molecular weight and properties, 171 
source, I7I 
LEUCINE 

derivatives, oxidation, 227, 250 

oxidation of, 229, 250, 255, 255 
LIPASE, 274, 276, 277 
LUCIFERASE 
kinetics, 55 
LYSINE 

decarboxylation of, 248 
derivatives, oxidation of, 250 


MAGNESIUM 

as activator of - 
carboxylase, I96 
enolase, 194 
hexokinase, I85 
hexosedi phosphatase, I88 
in amide synthesis, 247ff 
in transl ml nation, 245 
in transulfuration, 244 
pho sphogly c er omut as e , I85 
transphosphorylases, 194 
MALIC ACID 

from transi mi nation, 245 
oxidation of, 205 
stimulation by, 244 
MALIC DEHYDROGENASE, 107, 125 
determination, 125, 126 
purification, 125 

relation to lactic dehydrogenase, 127 
MALONIC ACID 

inhibition by, 244 
MECHANISM OF OXIDATION, 4, 8 

ascorbic acid oxidase, I67, I08 
catalase, 174, 175 

peroxidases, I70 
tyrosinase, l62 
MECHANISM OF REACTION 

activated complex, 4o, 50 
chain, 55 
collision, 5I, 49 
quantum, 56 

MELANIN FROM TYROSINASE ACTION, l62 
MERCURIC IONS 

inhibition by, 255 
MES OXALIC ACID 

transamination and, 242 
METABOLIC PATHWAYS 
alternative, 265 
METALLOPROTEIN, 159 
METHIONINE 

from homocysteine, 244 
methylation by, 244 
oxidation of, 229, 250, 255, 255 
N-METHYL AMINO ACID DEHYDROGENASE, 254 
N-METHYL AMINO ACIDS 

dehydrogenation of, 227, 254 
METHYL GLYOXAL 

possible role as precursor of lactate, 

188 

METEYLAMINE 

from N- methyl leucine, 227 
from secondary amines, 257 
METHYLENE BLUE, 102, 255 

as intermediary carrier, I06 
reduction by dehydrogenases, 102 
succinic dehydrogenase and, 117, II8 
N-METHYLNIC OTINAMIDE 
from nicotinamide, 244 
MEYERHOF- KIESSLING ESTER, I92 
MITOCHONDRIA, 275, 276, 277, 280 
enzymes in, 277, 278 
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I.IITBSRO SsrEE, 187 

KEUEOSPGRA OPAciqa 


DEHYDROGENASE, Il4 B^bff 
OXIDASE, 114, 2 ^ 6 ff 


-'i-LtOTIN.A»lZDE 


^ineth;|i'lati on of, 244 
NICOTINIC ACID, 87 
N I LSS ON ESTER . 19 1 
NORI^JCINE 

oxidation of, 25 0, 2^5 
NCRVALINS 
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in, 276. 277 


iTOCLiiC AC_D, 119 , 276 
desoxyribose, 276 
OiUCLECLUS , 276 

NUCLEUS, 275, 276, 277, 280 
enz^rmes 
ORNITHIOJE 

citruiline from, 248 
dezarbox^S'lation of, 248 
oxidation of, 233 
OSM _'Tj.C V.'ORK, 261 
OX.ALACSTIC ACID 
formation of, 203 
transamination and, 24lff 
OXIDASES, 102, 159-168 

zjtoohrome, 14, I55, 274 
definition, I59 

distinguished from dehydrogenases, 102 
indophenol, 14, I55, 274 ^ 

types, 159 

OXIDATION, BETA . 208 

oxidation’ 

fatty acid, sparking of, 210, 

218 

OXIDATION-REDUCTION POTENTIALS, 59-70 
effect of pH on, 62-67 ^ 

effect on enzyme activity, 270 
energy relations of, 69 
TABLE OF, 71ff 

XI DATIVE PHOSPHORYLATION, 214-21 3B0 

OXYGEN 

activation, 159 
inhibition by, 233 • 

P/O RATIO, 215-17 
PANTOTHENIC ACID, 96 
in coenzyme A, 247 
PARAMECIA, 269 
PASTEUR EFFECT, 262-263 
factors regulating, I80 
PEPSIN, 275 
PEPTIDASES 

measurement of, 230 
PEPTIDES 

synthesis of, 246 

PEE0XIDASE3, 6, 7, 168-171, 27^, 277 
absorption of light^ I69, 170 
as an oxidase, I68, I70 
compounds vith H2O2, 170 
distribution, I68 
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PEROXIDASES (Continued) 
hematin content, 169 
inhibitors, I70 
kinetics of action, I70 
measurement of activity, 168, I69 
mechanism of action, I70 
molecular weight and composition, I70 
oxidations with H2O2, 159 ’ 

purification, I69 
substrates, I68 

two components, I69 
pH 

effect on enzyme activity, 270 

effect on oxidation- reduct ion potentials 

62-67 " 

PHENETHANOLAMINE 

derivatives, oxidation of, 238 
oxidation of, 238 
PHENETHYLAMINE 

derivatives, oxidation of, 238, 239 
oxidation of, 238, 239 ^ 

pharmacological action of 24o 
PHENETHYLMETHYLAMINE 

derivatives, oxidation of, 238 
oxidation of, . 238 
PHENISOPROPYLAMINE 
Inhibition by, 239 
PHENOLASE 

(see tyrosinase) 

PHENPROPYLAMINE 
oxidation of, 238 
PHENYLALANINE 

decarboxylation of, 248 

oxidation of, 229 , 230, 233 235 

PHENYLGLYCINE ' 

oxidation of, 233 
PHENYLHYDRAZINE 

inhibition by. 241, 246 
PHOSPHATASE, 274, 276 
acid, 274, 276, 277 
alkaline, 274, 276 277, 278 

glucose-1-, 276 
lecithin, 276 

PHOSPHATE 

fixation during oxidation of triosephos- 
phate, 190 

high energy 

in amide synthesis, 246ff 
in transi mi nation, 243, 244 
in transulfuratlon, 244 
role in fermentation, I80 
PHOSPHOGLUCOMUTASE, I85 
activators for, I85 
coenzyme for, I85 

equilibrium of reaction catalyzed by 185 
2 PHOSPHOGLYCERATE 

conversion to phosphopyruvate,. I93 
formation of, 192 
PHOSPHOGLYCERCOMUTASE, I92 

equilibrium of reaction catalyzed by, I93 
PHOSPHOGLYCERIC ACID 
in transi ml nation, 243 
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PHOSPHOG-LY CERIC TRANS PHOSPHOEYL AS 191 
affinity of, for 192 

affinity of, for sutatratea, 192 
equilitrium of reaction catalyzed by, 

192 

PHOSPHOEEXOISCMERASE, 18? 

equlliliriuni of reaction catalyzed ty^ 

187 

PHOSPHOHEXOKINASE, 18? 

PHOSPHOEEXONIC ACID DEHYDEOGENASE , II5 
PHOSPHOPYECVATE TRANSPHOSPHOEYLASE, 194 
Ca’*"*’, aa inhibitor of, 194 
from human muscle, 19^ 

K**", as activator of, 194- 
Mg"*”*", as activator of, 194- 
Na"**, as inhibitor of, 194- 
reversibility of reaction catalyzed by, 

194 

PHOSPHORYLASE, I85 
a and b forms, 186 

equilibrium of reaction catalyzed by, 

186 

primers for, IS7 
PHOSPHORYLATION 

oxidative, 214-21, 28O 
PLASMAGENE CONCEPT, 26? 

POLYPHENOL OXIDASE 
(see tyrosinase) 

PRESSURE 

effect on rate of reaction, 46 
PRODUCT CONCENTRATION 

effect on enzyme activity, 270 
PROLINE 

oxidation of, 206, 227, 228, 250, 235 
PROSTHETIC GROUPS, I06, ll4 
PROTEINASE, 280 
PROTYROSINASE, I63 
PURPUROGALLIN ZAHL (P. Z. ), I68 
PUTRESC INE 

oxidation of, 24o, 24i 
PYRIDINE- NUCLEOTIDE COENZYMES, 104, I06, 
107 

and glutamic dehydrogenase, 236 
( see also diphosphopyridine nucleotide 
(DPN) and triphosphopyridine nucleo- 
tide) 

PYRIDOXAL PHOSPHATE 

in decarboxylation, 250ff. 
in transamination, 242ff 
PYRIDOXINE, 95 
PYROPHOSPHATE, 214 
stimulation by, 233 
PYRUVATE DECARBOXYLASE, I95 
coenzyme for, I96 
PYRUVIC ACID 

acetylation by, 247 
carboxylation of. 205 
from cysteine, 24-5 
from serine, 245 
in transamination, 24 Iff 
PYRUVIC DEHYDROGENASE, l40 
QUININE 

and substitutes, inhibition by, 234 


QUINONES 

formation by tyrosinase, l62 
reduction, I65 
REACTION VELOCITY 

absolute rate, 40, 48 

chain reaction, 33 
effect of pressure, 46 
effect of substrate, 20, 26, 26, 57 
effect of temperature, 17, 25, 4l 
of Inactivation, 32, 50 
REDUCTASE 

cytochrome c, 152, 155 
RIBOFLAVIN,. 95, 276, 278 

(see also alloxazine nucleotides) 
RIBONUCLEASE, 278 
ROBISON ESTER, I85, I85, I87 
ROBISON ESTER DEHYDROGENASE, I5I 
SARCOSINE, 145 

oxidation of, 25I 
SCHARDIHGER ENZYME, I08 

( see also xanthine oxidase) 

SECRETORY GRANULES, 278, 279 
enzymes in, 278, 279 
SEMICARBAZIDE 

inhibition by, 241, 246, 250 
SERINE 

dehydration of, 244 ff 
in transulfuration, 244 
oxidation of, 250, 255 
SILVER IONS 

inhibition by, 255 
SODIUM CHLORIDE 

inhibition by, 255 
SOLUBLE ENZYMES, 279 
SPERMIDINE 

homologs, oxidation of, 240 
oxidation of, 240 
SPERMINE 

oxidation of, 240 
STERIC CONFIGURATION 

of glyceraldehyde-5 -phosphate, 197 
of a -glycerophosphate, I96 
. of phosphogly ceric acid, 197 
SUBMICROSCOPIC PARTICLES, 277, 278, 279 
enzymes in, 277, 279 
SUBSTRATE 

% 

concentration and velocity, 20, 26, 28, 37 
effect on enzyme activity, 270 

SUCCINIC DEHYDROGENASE, 102, II5, 276, 277 
determination, II6 
distribution, II6 

inactivation and essential groups, 119, 

120 

inhibition, II9 

linkage to cytochrome system, II8, II9 
mechanism of action, 117, il8 
purification, II6 

SUCCINOXIDASE SYSTEM, 105, 115, 277, 278 
SULFANILAMIDE 

acetylation of, 247 
derivatives, acetylation of, 247 
Inhibition by, 234 
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reaction catalyzed “by. 
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TBYfSIM, 277 , 279 
TFrPTOPHAIfl 

(Oxi,da/tion, of^ 
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derivativea^ oxidation of, 258, 259 
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carrier action of autatrates, l62 


T1 ROS INASE ( C ont 1 nued ) 
contains copper, l6o 
discovery, 159 
distinct from laccase, 159 
distribution, l6o 
energy of activation, 162 
from invertebrates, I65 
heat stability, 162 
importance, I60, I65 
inhibition, I62, I63 
isolation, I60 

measurement of activity, 160, 161 
mechanism of oxidation, I62, ’165 
melanin formation, 152 
occurrence. l 64 

oxidation in intact protein, I6I 
reduction of quinones, I65 
specificity, I59, 160, I61 
substrates for testing activity, I6I 
substrates oxidized, I61 
synonyms , 159 
terminal oxidase, I62 
TYROSINE 

decarboxylation of, 248 , 251 
derivatives, oxidation of, 229 
oxidation of, 229, 230, 233, 235 
UREA 

synthesis of, 244 
from arginine, 251 
URETHANES 

inhibition by, 233 
URIC ACID DEHYDROGENASE, 104 
(see Uricase) 

URICASE, 102 , 111, 276 
VALINE 

oxidation of, 229, 230, 233 
VERDOPEROXIDASE, I68, I70 
substrates, I7I 

WARBUE« 1 'S THEORY OF RESPIRATION, 8 
WIELAND'S THEORY OF RESPIRATION, 4 
XANTHINE DEHYDROGENASE, I08, ll 4 
XANTHINE OXIDASE, IO8, ll 4 
kinetics, 35 
YELLOv/ ENZYMES, I06 

(see also individual enzymes) 

ZINC IONS 

i n t rana ul f urat 1 on, 244 
ZWISCHENFERMENT, I3I 
ZYMOHEXASE 

( see aldolase and triosephosphate 
isomerase) 
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